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In der Patentntchtigkeitssache 



1) der Inflow Dynamics AG. Frankfurter Ring 193 a, 80807 MGnchen, gesetzJich 
verlrelen durch den Vorstand, Herrn Peter Albrechl, ebenda, 



Kiagerin zu 1), 



- ProzeGbevollmacntigle: Paientanwalte Dipl.-Phys. Haftu. Koll., 
FranziskanerstraQe 38, 81669 MuncJnen. • 



I 

c 
c 

a. 

< 
-J 

w 



und der 

2) Scimed Life Systems Inc.. Scimed Place, Maple Grove. N.M. 55311.1566. USA, 
geselzlich vertreien durch Herrn Michael Berman. 10727 Geneve Lane, 
Minnelonka, Minnesota 55305, USA. 

KIdgerin zu 2). 



- Prozettbevollmachtigte: Patent- und Rechtsanwaite Bardehle u. Koll.. 
Gallleiplatz 1. 81679 MGnchen, - 
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gegen 



die Arterial Vascular Engineering. Inc. 3576 Unocal Place. Santa Rosa, CA 
95403. USA, gesetzlich vertreien dufch ihren Prasidenten, Herrn Scott Solano, 
ebenda. 

Bekiagte. 

- Prozeabevollmachtigle: Palenlanwalle Oipl.-lng. H. Zimmermann u. Koll., 
Rosenlal 7. 80331 Munchen, - 

betreffend das eufopgtsche Patent 0 417 928 

hat der 4. Senal (Nichligkell^enat) des Bundespatentgerichts auf die mCindlichc 
Verhandlung vom 5. September 2000 unter Mitwirkung des Vorsitzendcn Richters 
Dr. Schwendy. der Richter Oipl.-lng. Klosterhuber. Oipl.-lng. HaaQ. Dipl.-Phys. 
Dr. Kraus und Mullner 

fur Rechl erkannL 

Das Gurop^ische Patent 0 417 928 wird mil Wifkung fur das Ho- 

heilsgebiel der Bundesrepublik Deulschland im Umfang der Arv 

sprOche 1 bis 8 fur nichtig erkl^ 

Die Bekiagte trdgt die Kosten des Recntsstreits. 

Das.Urteil ist fOr die Kiagerin zu 1) gegen Sichertieitsleistung in 

Hdhe von DM 36,000.00, fur die KlSgerin zu 2 gegen Sicherhelts- 

leistung in Hbhe von DM 53.000.00 vorlaufig vollstreckbar. 
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Tatbestand 



Oie Bekiagte ist eingetragene Inhaberin des mit Wirtcung fOr die Bundesrepubfik 
Deirtschland erteilten europaischen Patents 0 417 928 (Sfrei(patenl), das am 
24. August 1990 unler Inanspruchnahme der Prioritai der amerikanischen Pa- 
tentanmeldung US 398180 vom 24. August 2000 angemeldet worden ist. Das in 
der Verfahrenssprache Englisch veroffentlichte Streitpalent, das beim Deutschen 
Palentaml unier der Nummer 590 29 114 gefCihrt wird. belriffl eine Etnrichlung 
und ein Verfahren zur endovaskul^r en Absiutzung. Es umfaQt 9 Anspruche, von 
denen Palentansprudi 1 in der deutschen Oberseizung folgenden Wortlaul hat; 

"1. Endovaskuiare Abstutzvorrichtung. die fOr eine Implantation in 
ein Koronar- oder anderes BlutgefSli im menschlich^n Kfirper ge- 
eignet ist, aus einem einheitlichen Bauleil (10) besteht. das so' 
ausgelegt ist. dafJ es mehrere obere und uniere Spitzen (12,14) 
aufweist, wobei das einheitliche Bauteil auf der duQeran Oberfl^ 
Che eines Katheters zusam/nengedruckt werden kann, um zu ei- 
nem betroffenen Bereich eines BlulgefaUes befdrdert zu werden. 
und dann durch Aufpumpen des Kalheters aufgeweitet werden 
kann. um den betroffenen Bereich eines BlulgefSISes auf einem 
Durchmesser zu halten, der groOer ist, als wenn die Abslulzvor- 
richlung nicht implantiert worden ware, dadurch gekenrueichnet, 
dad das einheitliche Bauteil aus einem drahtahnlichen Material be- 
steht und keine Fugen aufweist," 

Wegen der unmitielbar bzw mittelbar auf Patentanspruch i zuruckbezogenen 
PatentansprCiche 2 bis 8 wird auf die Streitpatentscfirift Bezug genonrmen. 

Die Wagerin zu 1) stiM Ihre gegen das Streitpalent im Umfang der Anspruche 1 
bis 7 gerichtete Teilnichtigkeitsklage auf mangelnde Neuheit brw erfinderische 
Tattgkeit und beruft sich hierzu auf folgende Druckschriften: 



(1) us 4 733 665 (K5 bzw. NK2) 

(2) US 4 214 587 (K8 bzw. NK4) 

(3) EP 0 177 330 A2 (KIO bzw. NK3) 

(4) US 4 800 882 (K11). 

Die Klagerin zu 2) stutzt ihre gegen das Streitpatent im Umfang der Anspnuctie 1 
bis 8 gerichlete Teilnichligkcilsklage auf unzulassige Erweiterung. mangelnde 
Ausfuhrbarkeil und im ubrigen ebenfalls auf rnangelnde erfinderische TStigkeit. 
Sie beruft sich im wesentlichen auf dieselben Druckschriflen. 

Die KiSgerin zu 1) beanlragt. 

das europaische Patent 0 417 928 mit Wirkung fur das Hoheitsge^ 
biet der Bundesrepublik Deulschland im Umfang der Palentanspru- 
che 1 bis 7 fur nichlig zu erklSren. 

Die Klagerin zu 2) beantragt, 

das europaische Patent 0 4i7 928 mit Wirkung fOr das Hohelisge- 
biel der Bundesrepublik Deutschland im Umfang der Patenlanspru- 
Che 1 bis 8 fur nichtig zu erklaren. 

Die Beklagte beantragt. 

die Klagen abzuweisen. hilfsweise mit der MaQgabe, daQ das Pa- 
tent mit der in der mundlichen Verhandlung uberreichten Fassung 
des Palentanspruchs 1 aufrechterhalten bleibt 

Sie tritt den kidgerischen AusfOhrungen in alien Punkten entgegen und Mil das 
Streitpatent zumindest in der hilfsweise verteldlgten Fassung fur bestandsfdhig. 



Patentanspfuch 1 gemSG dem Hilfsantrag enlhall folgende an den erteilten An- 
spruch 1 angefugte Erganzung: 

'* me peaks (12,14) being rounded with a diamaler of curvature greater 

than the diameter of the wire-like materiar. 

Entsehefdunqsorilnde 

Die Klagen, mil denen die in Art II § 6 Absatz 1 Nr 1 IntPalOG. An 138 Absatz 1 lit 
a und c EPU iVm Artikel 54 Abs 1, 2 und Art 56 EPU vorgesehenen Nichligkeils- 
grCinde der mangelnden Palentfahigkeit. der unzulassigen Erweiterung und der 
unzureichenden Offenbarung gettend gemacht warden , sind in vollem Umfang 
begrundel. 

1. Das Slreitpaient belrifft eine Einrichtung und ein Verfahren zur endovaskulSren 
Abstutzung. Nach ubereinstimmender Auffassung aller Beteiligten handell e$ 
sich bei derartigen Abstutzungen urn ein in der Fachwell als "Stent" 
bezeichneies Implantat Solche Vorrichtungen werden nach der Beschreibung 
des Sireitpatents im Stand der Technik dazu venA^endel, nach einer perkutanen 
transluminalen HerzkranzgefaQ-Aufdehnung das Risiko des Wie- 
derverschlusses der betroffenen Arterie zu verringern. Diese Stents wurden 
normalePA^eise im Bereich der Verletzung in das Blutgefdfl eingefOhrt und dann 
aufgeweitet. um den Durchgang frei zu halten. Bei alien im Stand der Technik • 
z8 in der US 4 733 665, der US 4 776 337 oder der EP 0 177 330- 
beschriebenen Stents in Form von sogenannten Maschendrahien, seien 
erheblicha Schwierigkeiten aufgetreten und jeder weise seinen eigenen 
Prozentsatz an Thrombosen. WiederverschlOssen und Gewebe-einwuchsen 
wie auch einen unterschiedlichen Grad an Schwierigkeiten bei der Entwicklur^g 
auf. Auch bereite die Anpassung an die Biutgefaoform bei einigen Stents nach 
dem Stand der Technik weitere Schwierigkeitaa Da zudem ihre relaliv groQe 
Lange die Behandlung gekrummter BfutgefaQe erschwere und ursprunglich 
zumindest fur die ersten drei Monate nach dem Einsetzen gerin- 



nungabemmende Mittel nolig gewesen seien, halten solcha Stents als 
praktisches Verfahren zum Behandeln eines chronischen Wiederverschlusses 
in der Arzteschaft nur geringe Akzeplaoz gehabl. Es hab€ daher schon lange 
ein Bedarf an einem Stent bestanden, der ein Blutgefafl wirksam offenhalle. 
ohne zu einer bedeulsamen Thrombose zu fuhren und der zur Behandlung 
gekrummter Blutgefaiie und Verlelzungen unlerschiediicher Langa leichl 
mehrfach venwendet warden konne. 

2. Vor dlesem Hinlergnjnd formuliert die Slreitpatentschrift die Aufgabe. einen 
Stent bereilzustellcn, der die Beschrankungen der frOheren Techr^ik im we- 
sentlichen beseitige, einfach und zuverlassig implanliert werden kdnne, nicht 
zu einer bedeutsamen Thrombose fuhre und selekliv entsprechend der anato- 
mischen Konfiguration durch die Verleizung selbst gesleuert dimensioniert 
werden kdnne. 

3, Patenianspruch 1 beschreibl dementsprechend eine Vorrichtung mit folgenden 
Merkmalen: 

a) Endovaskulare Abstutzvorrichlung. die fur eine Implantation in ein 
Koronar- Oder anderes BlulgefaB im menschlichen Kdrper geelgnel Isl; 

b) die Abstulzvorrichtung besleht aus einem einheitlichen Bauteil; 

bl ) das einheilliche Bauleil weist mehrere obere und untere Spitzen auf; 
b2) das ainheilliche Bauteil kann auf der auGersten Oberflache eines 

Kalheters zusammengedrCickt werden, urn zu einem belroffenen 
• Bereich eines BlutgefSQes befordert zu werden; 
b3) das einheilliche Bauieil kann durch Aufpumpen des Kaiheiers auf- 

geweilet werden, um den belroffenen Bereich eines BlutgefaOes auf 

einen Durchmesser zu halten, der grdiier ist. ats wenn die AbstOrtz- 

vorrichtung nicht implanliert worden ware; 
t>4) das einheilliche Bauteil besleht aus drahtahnlichem Material 



b5) das einheilliche Bauleil weist keine Fugen auf. 

4. a) Der angegriffene Anspruch 1 des Slreilpatents ist zulassig. Sein Gegensland 
ist in den ursprunglichen sowie den erteilten Unierlagen offenbart. Das insbeson- 
dere striltige Merkmal "and has no joints", das in richtiger deutscher Obersetzung 
"und weist kefne verbindenden Elemenle auf* heiGt (die Oberselzung in der Streil- 
paienlschrift ist unzulreffend) folg: aus 2.B. der Figur 1 in Verbindung mil der 
Beschreibung Spalie 5, Zeilen 23 bis 26 und Zeilen 43 bis 53 {EP 0 417 928 A1) 
bzw. Figur 1. Beschreibung Spalte 5. teWen 22 bis 24 und Zeilen 39 bis 48 (EP 
0417 928 81). Der Gegenatand des Anspruchs 1 ist. enlgegen der Auffassur^ der 
KlSgerinnen, auch ausfOhrbac, zumlndesl unier Hinzuziehung der Beschreibung. 
Hier wird insbesondere auf Sp. 5, Z. 39ff verwiesen. 

Weitergehende Ausfuhrungen erubrigen sich hierzu ebenso wie zu der (zu beja- 
henden) Neuheit des Gegenstands des Anspruchs 1. da dieser Gegenstand nichi 
auf einer erfinderischen Tatigkeil beruht. 

Das Merkmal "no joints" brw. "keine verbindenden Elemerrte" ist nach Auffassung 
des Senats dabei so auszulegen. dafl r^ischen den einzefnen geraden Sag* 
menlen (16 in Figur 1) des Stents keine irgendwie geaneien Verbindungssireben 
vorgesehen sind und da& der Stent aus einem Endlosmaterial besteht, so wie es 
der Spalte 5, Zeilen 39 bis 48 der Streitpalentschrlfi entnehmbar ist, 

Aus (3) isi ein Sienl (endcvaskulSre Abstulzvprrichtung) bekannt. der fOr eine Im- 
plantation in ein Koronar- oder ander^s BtutgefaQ im menschltchen Kdrper 
geeignet ist (SeKe 1), aus einem einheitlichen Bauteil (Figur 1) besteht, das so 
ausgelegt isl, daft es mehrere obere und untere Spitzen (13 in Figur 1) aufweist. 
wobei das einheitliche Bauteil im Inneren eines Katheters zusammengedrudct 
warden kann, urn zu einem belroffenen Bereich elnes BlutgefaQes befdrdert zu 
werden (Seite 3 und Seile 6. 2. Absatz) und dann durch AussloQen aus dam 
Katheter aufgeweitet werden kann, urn den betrofTenen Bereich eir^ Blutgefd&es 



auf einem Durchmesser zu halien, der groSef ist als wenn die Abstutzvorrichlung 
nicht implantiert worden wSre (Seile 5, le Absatz). Das einheiiliche Bauteil besteht 
dabei aus drahtahnlichem Material (Seite 5 mitllerer Abs.. Pateniansprucn 1). 
Von diesem Stand der Technik unlerscheidet sich der Gegenstand des Anspruchs 
1 dadurcn, daC beim Stent nach Anspruch 1 der Draht an seinen Enden nicht mit 
Giner Muffe verbunden ist. sondem aus einem Endlosdraht besteht und dali er am 
Einsatzort durch Aufpumpen eines Kalheters aufgeweilel wird und nicht wie der 
Stent nach (3) nach Ausdrudcen aus dem Katheter auf einen vorgegebenen 
Durchmesser selbst expandiert. 

Der Durchschnittsfachmann. an den sich die voriiegende Lehre richtei, ist der mit 
der Entwicklung und Herstellung von Prothesen und Vorrichtungen fur die Ge- 
falSchirurgie, insbesondere Stents. befaQle Techniker. der selbstverstandlich die 
einschlagigen Materialien und deren Eigenschaflen genau kennt. und der 
bezuglich medizinischer Probleme mit einem GefafSchirurgen zusammenarbeitet, 

Wenn dieser Fachmann bei dem aus (3) bekannten Stent, der aus einem 
selbstexpandierenden Material gefertigt ist. fesistellt Oder wenn seltens des Chi- 
rurgen an ihn herangetragen wird. daft es zu Schwierlgkeilen beim Einsetzvor- 
gang kommt. well, wie die Beklagte ausfunrte, der Stent beim Ausschieben un- 
gleichma(5ig expandiert oder nicht den erforderlichen Durchmesser einnimmt, so 
wird er nach Ldsungen suchen. Zu allererst wird er dabei das weitere noch 
bekanme Prinzip (vgl. z.8. (4). (1)). nach dem Stents am Einsatzort z.B. mitteJs 
eines Ballons aufgeweilet werden, heranziehen und auf seine Eignung unlar- 
suchen. Er wird also das Prinzip Stents am Einsatzort miltels eines Ballonkathe- 
ters auf den erfordedichen Durchmesser aufzuweilen, auf den Gegenstand nach 
(3) Cibertragen. Oas bedeutet ledlglich, den bekannten Stent aus einem ent- 
sprechenden Material herzustellen, das z.B. - statt federnd ausgelegt zu sein - 
plastisch verformbar ist Dazu ist er ohne weiteres aufgrund seines Fachwissens 
in der Lage - zumal er auch beim Gegenstand des Anspruchs 1 des Streitpatents 
die spezielle Materialauswahl aufgrurxl seir^r Kenntnisse treffen muQ. 



Der Fachmann isl nach Uberzeugung des Senais. entgegen der Auffassung der 
Beklagten. ohne weiterQs in der Lage. im Bedarfsfall von dem einen geschilderten 
Stent-Prinzip zum anderen uberzugehen. was insbesondere durch die Oruck- 
schrifl Radiology. Februar 1987. Seite 482. links Spelle, 1. Abs. belegl wird. 
Danach wurde bei einem selbstexpandierenen Stent nach dem Einbringen 
zusatzlich noch eine Ballonaufweilung durchgefuhrt. 

Keinerlei Probteme bereitet dem Fachmann auch das Weglassen der Muffc 1 1 
beim Ausfuhrungsbeispiel des Stents nach (3) und dessen Ausbildung aus einem 
Endlosdraht- (Ring), zumal die verallgemeinernde Lehre von Anspruch 1 in (3) 
bereits von einem Oraht, der in einer geschlossenen Zick-Zack-Fonm gebogen ist. 
spricht und kein separates Verbindungselemenl, wie eine Mirffe Oder dergleichen. 
erwahnt. 

Somit bervihl der Gegenstand des Anspnjchs 1 insgesamt gesehen nicht auf einer 
erfinderischen Taligkeit. 

Daran wOrde auch die Auslegung des Anspruchs 1 (insbesondere des Begriffs 
"no joints") der Beklagten, die einen Endlosdraht als Ausgangsmalerial nicht unv 
fafit sehen will, nichls andern well, wie in den vorstehenden Ausfuhrungen imp/izit 
bereits enthallen ist. auch diese Ausfuhnjngsform nicht auf einer erfinderischen 
Tfitigkeit beruht. 

b) Die angegriffenen UnieransprGche 2 bis 8, fur die kein selbstSndiger Schutz 
geltend gemachl wurde, teilen das Schicksal des Anspruchs 1. Im Dbrigen isl der 
Gegenstand des Anspruchs 2 aus (3). Sette 5 mittlerer Abs. bekannt. Oer Gegen- 
stand des Ansprxxhs 3 betrifft eine naheliegende Ausgestaltung, Anregungen 
dazu liefert (4). insbesondere Patentanspruch 3. 

Die Gegenstande der Anspruche 4. 5 und 7 beireffen handwerkliche Ausgestal- 
tungen, die sich nach dem jeweiligen Elnsalzfali richten und somit nichls Cr- 
finderisches enthalten. 
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Oer Gegenstand des Anspruchs 6 unlerscheidet sich vom Gegenstand der Drvjck- 
schrifl (3) our durch das andere Prinzip der Slentaufweitung am Einsatzort. Zu 
diesam Unterschied wurde bereits in Verbindung mil Anspruch 1 Siellung 
genommen, so daU hierauf venviesen wird. 

Der Gegenstand des Anspruchs 6 isi aus (3), vgl. insDesondere Figur 1 mit ruge- 
hGriger Beschreibung. bekannt. 

5. Der Paienlanspruch 1 gemSQ Hilfsantrag unterscheidel sich von demjenlgen 
gemaa Hauplantrag dutch das zusatzliche Merkmal "the peaks (12, 14) being 
rounded with a diameter of curvature greater lhan the diameter of the wire-like 
material" bzw. in deutscher Ober setzung 

" daa die Spitzen {12. 14) gerundet sind mil einem Krummungsdurchmesser der 
grotter ist als der Durchmesser des drahtShnlichen Materials " 

Dieser Anspruch ist unzulassig. Das genannie Merkmal entstammt. auch nach 
den Ausfuhrungen der Beklagten. allein der Zeichnung. Lediglich gezeichnete 
Merkmale, die in der Beschreibung und den Palentanspruchen nicht erwShnt sind, 
sind darui als erfindungswesentlich offenbart anzusehen, wenn der zustandige 
Fachmann sie am Anmeldetag auch ohne Efwflhnung in Beschreibung und A/v 
spruch als zur Erfindung gehdrend erkenni (Schulte. PalG. 5. Auflage § 35 
Rdn 164). Das ist hier jedoch nichi der Fall. Hier geht das gezeichnete MerKmal 
neben den beschriebenen und gezeichneten Markmalen unter, so daG darauf kein 
Anspruch gerichtet warden karvi (vgl. Schulte, wie oben). Weitere Ausfuhnjngen 
hierzu erubrigen sich jedoch. denn das genannie Merkmal ist aus (3) (vgl. SeKe 5. 
letzter Absatz und Palenlanspruche 4 und 7) bekannt. 

Auf Seile 5 letrter Absatz ist als KrOmmungsdurchmesser fur die Spitzen 0,4 cm 
(bzw. ein Radius von 0. 2 cm) angegeben und als Drahtdurchmesser 0, 046 cm 
(bzw. 0, 018 inch) genannt Damit ist die in Anspruch 1 genannie Bedingung er- 



fulit und rwar auch dann. wenn es sich. wie die Bekiagte meint. bei der MaSarv 
gabe in (3) um "mm"-Angaben anstatt "cm'-Angaben handein muRle. 

Die Unierschlede zum Sland der Technik nach (3) sind demnach dieselben wie 
beim Anspruch 1 nacti Hauptanlrag. Der Gegensland dieses Anspruchs 1 beaiht 
daher aus denselben GrCinden wie zum Anspruch 1 nach Hauptanlrag ausgefuhrt, 
r.icm auf einer erfinderischen Taligkait. 

Bezuglich der Unteranspriiche wird auf die vorslehenden Ausfuhrungen unler 4.) 
b) verwiesen. 

6. Die Koslenentscheidung beruht auf § 84 Abs 2 PalG iVm § 91 Abs 1 Satz 1 
ZPO. der Aussprvxh zur vorlaufigen Vollstreckbarkeit auf § 99 Abs 1 PatG iVm 
§ 709 ZPO. 

Dr. Schwendy Klosterhuber HaaQ Or. Kraus Richtcr Mullner 

ist wegen Ur* 
laub^ gehinden. 
zu unterschrei- 
ben. 

Dr. Schwendy 

Pr 
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ABSTRACT 



An expandable and defonnable intraluminaJ vascular 
graft ts ex panded within a blood vessel by in angio- 
plasty balloon associated with a catheter to rfiiat^ and 
expand the lumen of a blood vesseL The graft may be a 
ihin-walled nibnlar member having a pionlity of slots 
disposed substantially parallel to the longitudinal axis of 
the tubular member. 
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<'"«red location within the body pasjaecwaY Likewis- 

EXPANDAKLZ INTRALUMINAL CRAFT. AND aa ov«i2=d graft might c:ipJdT^^^»^^, 
MTIHOD AND APPARATUS FOR EVCPIANTINC the ^ring force, or c:tpansionforc" "m^bX 
. AN EXPANDABLE INTRALUMINAL CRAFT »pon the body passageway could ai^TuptSng of^e 
-TV r u r, _ c , . ^ body paaageway. Further, the constant outwardly 

The government of the United States of Amenca radutmg force exened upon the interior suxfice of the 
retains a noo^dnave. irrevocable, royalty-free license body passageway can cause erosion of the internal sur- 
in this invennon for all govenmental puiposes, pmsa- face, or intiffla. of the artery or body passasewav 
am to 37 CFJL 5 10a<(bX2). Another altenative to conventional v«cuUr surgery 

RELATED APPLICATION *" percutaneous balloon dilation of elastic vajcu- 

^. ,. . . ... , .. neaoses, or blockages, through use of a catheter 

This apphcation a a connnuauon-u-part of Appli-. mounted angioplasty baDoon. In this procedure the 
^aaf $ co-pending application Ser. Na 06/796,009 ffied angioplasty balloon is inflated within the sicaosed' ve$ 
Nov. 7, 1983 entitled Expandable Intraluminal Graft. xL or body passageway, in order to shear and disrupt 
and Method and Apparatus for Implanting an Expand- I J the wall components of the vessel to obtain an enlarml 
able latralununal Graft. Jwnen. Vith respect to arterial athcroscleerotic lesions. 

FIELD OF THE INVENTION tte relatively incompressible plaque remains unaltered, 

^ . , while the more elasdc medial and adventitial layers of 

The mvenuon reUtes to aa expandable intralnnuBal the body passageway stretch around the plaque. This 
graft for use within a body passageway or dua and. a) process produces dissectioa or a tpKiting ud tearine. 
more particularly, expandable inoalimiinal vascalar ofthe body passageway wall Uyers. wherein the intimL 
grafts which are paniculaily useftil for repairing blood or internal surface of the anery or body oassaeewav 
vessels narrowed or occluded by disease; and a method sufTen fissuring. This diseetion forms a 'tU^^of un^ 
and apparatus for implanting expandable intralusnaal derlying tissue which may iteduce the blood flow 
grafts. 23 through the lumen, or block the lumen. Typically, the 

DESCRIPTION OF THE PRIOR ART. «lM«eadjiig inoalnminal pressure within the body pas- 

, . . , . , ^. ■ »»8eway can hold the disniptedlayerorflap. in place. If 

Intratuminal eadovascnlar giaftmg has been demon- the intima] flap created by the balloon diUtion proce- 
strated by expcnmenttnoa to present a possible altema- dure ij not maintained in place against the expanded 
tnre to convennonal vascular surgery. Intrahiminal ea- 30 iatima. the intimal flap can fold down into the hanen 
dovascular grafong involves the percutaneous insertion and close off the lumen, or may even beeome detaehed 
into a blood vessel of a tubular prosthetic graft and its and enter the body passageway. When the intimal flao 
dehvery vta a catheter to die desired location within die closes off the body pasageway. munediate sureeiv b 
vascular system. Advanuges of this mediod over con- necessary to correct th^roblan. 
vennonal vascular surgery include obviating the need 3J Although the baUoon dihuion procedure is typically 
for surgically exponng. mcsmg. removing, replacing. conducted in the cati>erization lab of a hospital, because 
or bypassmg the defecnve blood vesseL of the foregoing problem, it is always nSar7 to hav^ 

Stnicnires which have previously been used as intra- a surgeon on call should the mtimal Oap block the blood 
lumjnal vascnl^ giafts have mduded coiled stainless vessd or body passageway. Farther, became of the 
steel sprmgs:hdically wound coasprmgsmanuiactured « possibility of the intimal flap tearing away ftom the 
from an expandable heat-sensitive material; and expand- blood vessel and blocking the lumen, ballom dilations 
mg stainless steel stents formed of stainless sted wire in cannot be petformed upon certain critical body passase. 
a ag-xag pattern. In general the foregoing structures ways, such as the left main coronary artery, whichleads 
have one major disad%-antage in common. Insofar as inn the heart If an intimal flap formri by a ballot 
these structures must be delivered to the desired Iocs- *i dilation procedure abruptly con» down a<^ doses off 
lion within a given body passageway in a collapsed a critical body passageway, such as tiie left main con> 
Mate. » ord«r to pass through the body passageway. nary artery, the patient ^ die before anT^irriS 
there is no efTeciive control over the final expanded procedures could be performed, 
configuration of each strucnire. For example, the ex- Additional disadvantages associated with balkwn 
pansionoi a ,«nicular coned spring-type graft bprede- 50 diUuon of elastic vascular stenoses is that mwy fid" 
termined by the spnng constant and modulus of dastic- because of elastic recoU of the stenotic hJc«L 

tnnil^™"^ ""^ .0 the usually occur, due to a high fibrocollagenous content in 

coiled spnng structure. These same iaaon predeter- the lesion and is somenmes due to cmain mechanical 
mined the amount oi expansion of collapsed stent. duracterijucs of tiie area to be dilated. Thus, although 
formed of stainless steel wire m a xig-iag pauem. In the J J the body passageway may initially be suceessfuUy L 
case of imralummal grafts, or prostheses, formed of a p«,ded by a ballooJ. dilltion pr^^^^SZ^t. 
heat sensi ive ma.enal which expands upon heating, the early restenosis can occur due ti the rewU ofrtThSy 
amount 01 expansion b hkewue predetermined by the passageway wdl whidi decreases the^ of the preS 
heat expansion diaracienstiB of the particular alloy ously expanded lumen of the body passageu^y Fbr 
11 .1!^ intraluminal graft. <0 example, stenoses of the renal arte,^ ST^^L « 

Thus, once the foregomg types of mtralnminal grafts known to be refractory to baUoon dilation because the 
are expanded at the desired location within a body pa.. dilating forces are applied to the aortic wall n^th« 
sage-^y^ such as withm an artery or vein, tiie expanded to the rend artery i^lf. Vascdar stentKo 

1 """" fibrosis, such as those sesTh^^SSS 

the desued body passageway has been miscdcdated. an 65 .istdas. have proved to be diflttauTTo dila«.^SS 
undersized gratt might net expand enough to contact high dilating pressures and larger talh»n dS.S 
'^::TZITV' tr*^ P^^^^^-^y- «>. « ^e SiSlw din-tfuUies have been oSTrvS^S^SS^S^ 
secured thereto. It may U«n migrate away from the of graft-artery anastomooe stricture, and pMteTdaT 
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lir^tomy recurrent ntnose. Pcrcnuneous angioplasty choriag the cubuiar shaped member to the body oas- 
of Takayasu aitcnns ind Ofiurofibromatosis aneriaJ sageway. ^ ^ 

sicnoscs may show poor initiaJ response and rectirrencc In accordance with the invention, the forecoinc ad- 
which IS bchevcd due to the fibroiic nature of these vantages have also been achieved through th'e p4ent 

u • u . , ^ »tt^<i for implanting a prosthesis withiii body pas- 

Acojrdingly.pnor to the development of the present sageway. The method of the present invention com - 

invention, there has been no expandable intralnminaJ piiscs the steps of: utiiiang a thin-walled, tubular mcra- 

vascular graft, and method and apparatus for expanding ber as the prosthesis, the tubular member having a plu- 

the lumen of a body passageway, which: prevents re- «lity of slots formed therein, the sJou being deposed 
curreBce of stenoses in the body passageway; can be 10 »«t»anuaDy parallel to the longitudmal axis of the lubu- 

utihaed for cniicaJ body passageways, such as the left lar member; disposing the prosthesis upon a catheter 

main coronary artery of a patient's heart; prevents re- inserting the prosthesis and catheter within- the body 

coil of the body passageway wafl; and allows the intra- P«ageway by catheterizaiion of said body passage- 

luminal graft to be expanded to a variable size to pre- ^ expanding and deforming the prosthesis at a 

vent migration of the graft away from the desired loca- desred location within the body passageway by ex- 

non; and to prevent niptnring and/or ertsion of the Pending a portion of the catheter associated with the 

body passageway by the expanded graft. Therefore, the prosthesis to force the prosthesis radially outwardly 

an has sought an expandable tntraluminai vascular ^9 contact with the body passageway, the prosthois 

graft, and method and apparatus for expanding the ^cing deformed beyond its elastic linuL 
lumen of a body passageway which: prevejts recur- ^ A fiirther feature of the present invention is that the 

rencc of stenoses in the body passageway; is believed to po^^o of the catheter to contaa with the prosthesis 

be able to be udliicd in cridcal body passageways, such ^ co l la p sed, and the catheter removed from the 

as the left main coronary artery of the heart; prevents P*pagcway. A further feature of the present in- 

recoQ of the body passageway; and can be expanded to ^"^on ts that a catheter having an expandable, inrtat- 

a variable size within the body passageway to prevent ^ portion associated therewith may be utilized; and 

migration of the graft away fttjm the desired location; "Pfnswnof the prosthesis and the portion of the cathe- 

and to prevent. nxpniring and/or erosion of the body ^J* ^^^p^P^ed by inflating the expandable, in/lat- 

passageway by the expanded graft. portion of the catheter. 

A further fea tu re of the present invention is that th^ 
SUMMARY OF THE INVENTION 30 Uoo nuy be aufonaly Jd dr^^^ll^ 
In accordance with the iaveaiion the foreeoing ad- sloB may be unifonnly 
vanages have been achieved through the piesent ex- *P««d from adjacent slos along the longitndinai axis of 
pandable intraluminal vascular giafL The present invea- wbular member, whereby at least one elongate 
lion includes a thin-walled tubular member having first „ ^ fonned bcrween adjacent slots. Another 
and second ends and a wall stirface disposed between [""^ present invention is that each slot may 
the first and second ends, the walls nirface having a r Rnt and second ends, and the firs and sectmd ends 
substantiaUy uniform thickness and a pluialitv of slou °'^J'0\ « disposed inienBediate the first and sec- 
formed therein, the slots being disposed substantiaUv u "^j^"* «long the longitudinal axis of 
parallel to the longitudinal axis of ttetubuiar member 40 1^!^^^""*^- w u • • 
the tubular shaped member having a fint diameter ««ordance with the mvennon. the foregoing ad- 
which permits intraluminal delivery of the thin-walled "'"^S^ »*» oe« achieved through the present 
tubular member into a body passageway having a la- *PP»«2?" "»t»lUBunaUy reinforcing a body passage- 
men: and the tubular raembsr having a second, ex- IJ?^- '"*P'«*?»' ""^ennon mcludes: an expandable and 
panded diameter, upon the appUcation from the interior „ J,a'^^ thm-walled tubular prosthesis having first 
of the (ubuUr member of a radiallv, outwardly extend- k f**"" ""l » *»H surface disposed between 
ing force, which second diameter i^ variable and depen- , ,*^?'' '^^^ a«n*a« having a 
dent upon the amount of force applied to the tubular ■„ 

member. whereby the tubular shaped member may be w^tantially parallel to the longitudinal axis of . 

expanded and deformed to expand the lumen of the 50 h^naX^n?^ ' catheter having an expandable 

body passageway. » "e jo mnauble portion assoaated therewith and including 

A further feature of the present invention is that the a^Z^iI,!^^^ and ret«ning the expandable and 

slots may be nniformlv and dreumfeteniiallv «acod defctmable tubular prosthesu on the expandable, infiat- 

from adjacent slou and the sl^cS^be uni oS 2^^^^*^)' expandable, 

spaced from adjacent slots along the longtWdZS 5, n«d2 L^^l" T^"''' » 

the tubular member, whereby at least oiie e onoie contact 

member .s formed between adjacenTsto" A^S^ passageway. A further feature of the 

feature of the ptesent mventit^^S^, ^2." ^■"^^ ""T'"" " ««»i»»8 

have first and second ends, and the ftrst ai^iecaM ^ I eompnse a retainer nng member disposed 

of each ,Io. are dispo«dh^edfa^Sl^d^ "^j*""' expandable, infiatable^r- 

etr^r^t^h:;•^^^ur«c.^r^^ ^oX^zT'^'^'^:'^;^^'-^^ 

any outward, radial force whUe theTutlV^e^beriS^ «d frfnlll'^'n'" * P««8*«*y- 

the fini or second, expanded diameter Af^l « / w mcraluramally remforcing. a body 

.ure of .he present invLTofis tJbSl^S STI^^t^ytt^;*^ n"''"""' "I*" 
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neooses; is believed to pennit implanurion of grafts in thesis" emcompasseslhe fori.o„™» 

n«7 mety of the hetn; prevent, recoil of the body "int^!^ 4cS^ISr^en«±„"*' '*™ 

pissageway; prevems erosoa of the body passageway pandiog the Itunso of a todv ^^^'^ ^ 

by ^ exp«>ded graft a«| penniB cxp»,^|f tbi J to ° 

gtift to a variable tixe dependent apon condition, ^y^Zitinn^ k^l^y^'S JZT"^^ 

w«h« the body passageway. otuly described, u wTS ^t^^""^^':, 

BRIEF DESaUPnON OF THE DRAWINGS ^«?el «^,tJ»ia the htmiaa vascular system. 

to the drawings: ,o ab^^^S^T"' }^ «P««1- 

• loaaal vascular grafi. or pnwhewfer a body passage. iag fim and second enSr 73 

way. having a first diameter which pennits ctliv«7of S»s«l^«^^2dleSd\S^^"T'* 

FI^b"^'":^ ' '^y,^«^*r. bS^^mber 71 has a^^JS XtSl. V^" 
■ ™-iS.°ir"?P^^^"^°''^«^"P'«the. 15 hereinafter described in greaw^^ dc^b i„«i 

«. of no. lA. m US expanded coafiguraiion when minal defivery of the tu^Sr^S; "ri"' 
disposed within a body nassasewav- «n w • "7"*' member 71 into a body 

> «~U7 pauogcway; passageway 80 havns a luna II fFIG 3^ wuk — /_ 

no. 2 IS a doss-secnonal view of the prosthesis ence to FIG IB ni><» theTTivti \^ 

taken along line 2-2 of FIG. IB- of A^«h^, from the mterior 

RG 3 I a cr^s-sectional Sw of an apparan^ lor 20 ^Sg"JS 'nS"^^ 
bittaluminally nnaforcing a body passage^^or Z ^WtSTm^teS^^iS^*^ 
expandjng the lumen of a body p.ssa'^^Lra.ing ter. d'. wSTSS^^^T^^^^KI^e"^: 
a prosthesis, or mtraiiunmal vascular mft. in the etm- dt^n^A^t «^ »k " vamDlc in size and 

fi^on shown i. FIG lA; ^ " S^'^^ '"^ »'^««' - '^^'^"^ 

npS-Sand^areperspectiveviewsofpn^thesesfor 30 ^/.SI^'S «d°2:.&XS^ 
a body passageway, with the grafo. or p,«theses. hav. tubular i^b^n^^^^^'H^l 
mg a coanng thereon. m.Tl^Z^ • u f^^ww «nd deformed from 

While the inveniiott will be deserib«i m !r '^'"P'^l"*" « FIG. XA to the configuia- 

with the prefer,^ T^Zl^-^^"' 
that it is not intended to limit the invendon to tS«, ji fet^^? ^ ^ to retam its expanded and de- 

ppen eo caims. 0^^,^ ^r any snicabie plastic material having the req- 

DETAILED DESCRIPTION OF THE characteristics previously described. 

INVENTION: Preferably, tubular member 71 is initially a thin- 

In FIGS. lA and IB. an expandable intrahnninal H^'f-^J^f* ^"^^ ' '™^''™ 

vascuiar g«f.. or expandable pr^'St^'S^ ^u\'^Zttl^7r^^ '"^r. 
saaeway. 70 is Ulustrated. It should be understood diat 4J '"'''^«f«'»" 71- As seen in FIO. lA 

the tenns "exp^idable intralu«i«U ^^X^" ,70^82^^.:!;^'^^^ '^^'^ «»• 

•expandable prosthesu" are interchaSlf^L w S^f^T? »««»««««'ly paraUel to the longitu- 
some txient m describing the present inl^^n^{° S^^^a, tubular member 71. As seen in FIG. lA. 
as the methods, apparani «id%^^tti«Tf^o^^ " L*? '^'"""y unifonnly and drcumferen- 

invention may beTui^ n^on^^^^S^.^ „ Sb^^ f™!" «djacen. slots 82. as by connecting 
an expandable intraluminal vascufci ar^^ferex^rn. 7 ^hich connectmg members 77 preferably 

partially occluded «,«enu WtSfi^LTrtSd? So *lj"|£.rn T'* "l"'? »2. « — « 

passageway, but may also be utilized formny o^er id.^em ^fi «^ further umfonnly spaced from 
purposes as an expandable prosthesis for SSJ Se S ?i " ^^S^^ axis of the tubu- 

types of body passageway,. For example, expiiSbte 55 Sd^flLli™'' ^'^'tTl"^"' " 
protthses 70 may also be used for such pSrwSTf n ^tio« « "T**" formation 

supportive graft placement witl^btodSTa^es 2i^. fo™if^iL!L"J^' "'"^ " 

opened by transluminal recanaliiation. buTwhS^I hTIs *^ """S'" "n™- 

Hkdy to collapse in the a^l^^mSjSJpo" S^oI tu^SL^l^^ fe.-d second ends. 71 

(2) similar use following catheter passage thi«urt m«ii: to Sdilt^ ^« " ^^ 
astinal and other veinslrcluded b^taJSeSncSi fir^l,^ tj^?"? " 

(3) reinforcement of cathether creatSbu^w «ds with a connecting member 77 
communication, between portal ar^SaS: voK tw^r^ If" f""" "2. Prefera- 
patienu suffering from portal hvperTairiSTrt) i^'J "'i!"* 82 are dis- 

ive graft placem«tof^:S:l^ToTr^^^^^ « Kj^XtruS'/Z^.'^^ru"'^"^*'^^'"^ 
iniesiine. the ureters, the urethra; and (3) supVoJt"e J«r 71 S "^S?""*"^ «« of Ae tubular mem- 
Srai-t reinforcement of reopened .«J previoS^ oJ ^s^ J^rT^ V' "'^ 

structed bUe duct. Accordingly, use of L term -.ifs- tl^.'^'^C^^l:^^ 1^^^- 
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tntermediaie ihe flnt and second ends of adjacent slots 

82 along the longimdinal axis of the tubular member 71. 
Accordingly, slots S2 are preferably uniformly and 
circamferentially spaced from adjicent slots, and slots 

83 adjacent to one another along the longitudinal axis of 
tubular member 71 are m & staggered relationship with 
one another. Ahemadng slots disposed about the cir- 
cumference of tubular member 71 at both the Gist and 
second ends 72» 73 of tubular mem ber 71 wiD only have 
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tubular member 71. Accordingiy, the force is su/Ticrent 
to permanently bend elongate members 75 whersbv 
segments of the elongate members 75 pivot aboufcon- 
oeciing members 77 and move in a circumferential di- 
rection as they pivot, whereby the diamcur of the tubu- 
lar member 71 increases from the tint diameter, d. to 
the expanded diameter, d', of FIG. IB. The force to be 
applied to expand tubular member 71. which is applied 
in the manner which will be hereinafter described in 



a length equal to approWdy one-half of the length of 10 greater detail must thus be suflicient to not only expand 
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a complete slot 82, such half-slot 82 being bounded by 
membm 78. 79, at both the fim and second ends 72, 73 
of tubular member 7L Although the graft, or prosthesis, 
70 of FIGS. lA and Ifi is illustrated to have a length 
approximately equal to the length of two slots 82, it 
should be apparent that the length of the graft 70 could 
be made longer or shorter as desired. Use of the term 
**slor encompasses an opening whose length is sufastan- 
tiaily greater than its width, such as an elongated oval 
openmg. 

The foregoing described construcdon of graft, or 
prothesis, 70 pennits graft or prothesis. 70 to be ex- 
panded uniformly, and outwanlly, into the configura- 
tion shown in FIG. IB, upon the appUcadon of a suit- 
able force from the interior of tubular mtmjhfj 71, as 
will be hereinafter described in greater detail Tlie ex- 
pansion of tubular member 71 into the configuration 
shown in FIG. IB is further uniform along the length of 
tubular member 71, not only because of the uniform 
spacing between slots 82, as previously described, but 
also because the thickness of the wall surface 74,xr the 
thickness of connecting members 77. dongate members 
75. and members 78, 79, is the same uniform tfaicknes. 
As illustrated in FIG. 2, the umform thickness of elon- 
gate member 75 is shown, and the pref cri e d cross-sec- 
Qonal configuration of elongate member 75, coimecting 
member 77. and members 78. 79. is illustrated, which 
configuradon is rectangular. It should of course be 
understood by those skilled in the art. that the cross-sec* 
bonai conHguratioo of the foregoing components of 40 
graft, or prothesis. 70 could also be square. As will be 
hereinafter described in greater detail it is preferable 
that the outer surface 74 of graft* or prothesis, 70, which 
would b: in contact with the body passageway 80 FIG. 
4).- should be relatively smooth. 

With reference to FIG. IB, it b seen thai after the 
graft, or prothesis 70. has been expanded and deformed 
into the com'iguration of FIG. IB, the slou 82 will 
assume a substantially hexagonal configuraticm when 
the tubular member 71 has the second., expanded diame- 
ter, d'. as shown m FIG. IB. Such a hexagonal configu- 
ration will result when the slots 82 initially have a sub- 
stantially reciangubr configuration when the tubular 
member 71 has the fim diameter, d, illustrated in FIG. 
I A. It should be noted that were the width of slou 82 to 
be substanually reduced, whereby the length of con- 
necting member 77 would approximate a single point 
intersection, the expansion of such a tubtilar member 71 
would result m slou 82 assuming a configuration which 
would be substanually a parallelogram (not shown). 

It should be noted that not only is tubular member 71 
expanded from the configuration shown ia FIG. LA to 
achieve the conilgurarion shown in FIG. IB. but tubu- 
lar member 71 is funhcr "deformed" to achieve that 
configuration. By use of the term ^'deformed" ts meant 
that the material from which graft, or prothesis. 70 is 
manufactured is subiected to a force which is greater 
than the elastic limit of the material utilized to make 



tubular member 71, but also to deform elongate member 
75, m the maimer previously described: whereby the 
portions of the elongate members 75 which pivot about 
the ends of connecting members 77 do not "spring 
back" and assume their configuration shown in FIG. 

IA. but rather retain the configuradon thereof in FIG, 

IB. Once graft, or prothesis, 70 has been expanded and 
deformed into the configuradon shown in FIG. IB. 
graft, or prothesis 70, will serve to prevent a body pas- 
sageway from collapsing as will be hereinafter de- 
scribed in greater detail It should be noted that when 
tubular member 71 has die first diameter, d, shown in 
FIG. lA. or after tubular member 71 has been expanded 
and deformed into the seccmd, expanded diameter, d'. of 
FIG. IB, tubular member 71 does not exert any out- 
ward, radial force, in that tubular member 71 is not a 
"spring-IDce- or "self-expanding member", which 
would tend to exen an outwardly radial force. 

With reference now to FIGS. 3 and 4, the methods 
and apparatus of the presem invention will be described 
in greater detail Once again, it should be understood 
that the methods and apparatus of the present invention 
are useful not only for expanding the lumen of a body 
passageway, such as an anery, vein, or blood vessel of 
the human vascular system, but are also useful to per- 
form the previously described procedures to intralumi- 
nally reinforce other body passageways or ducts, as 
previously described. Still with reference to FIGS. 3 
and 4. an expandable intraluminal vascular graft, or 
prosthesis. 70. of the type described in connection with 
FIGS. lA and IB. is disposed or mounted upon a cathe- 
ter 83. Catheter S3 has an expandable, inflauble portion 
84 associated therewith. Catheter S3 includes means for 
mounting and reuining 85 the expandable intraluminal 
vascular graft, of prosthesis, 70 on the expandable, in- 
flauble portion 84 of catheter 83. Preferably, the 
mounting and retaining means 85 comprises retainer 
ring members 8^ disposed on die catheter 83 adjacent 
30 the expandable inflauble portion 84 of catheter 83; and 
a retainer nng member 86 is disposed adjacent each end 
72. 73 of the expandable intraluminal vascular grafu or 
prosthesis. 70. Preferably, as seen tn FIG. 3. retainer 
nng members are formed integral with catheter 83. and 
the retainer nng member 86 adjacent the leading tip 87 
of catheter S3 slopes upwardly and away from catheter 
tip 87 in order to protect and retain graft or prosthesis, 
70 as it b iiuerted into the lumen 81 of body passageway 
80. as to be hereinafter described in greater detail The 
remaining retainer ring member 86 as shown in FIG. 3. 
slopes downwardly away from up 87 of cadieter 83. to 
insure easy removal of catheter 83 from body passage- 
way 80. After exjMndable intraluminal graft, or prosthe- 
sis. 70 has been disposed upon catheter 83. in the man- 
ner previously described, the graft or prosthesis, 70 and 
catheter 83 are insened within a body passageway 80 by 
catheterization of the body passageway 80 in a conven- 
tional manner. 
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In * eonveaoonal inaaner. the catheter 83 aad gnfk. body passageway 80 at the location or eraft 70 jraft 70 

or prosOiesu. 70 are delivered to the desired location wiU insure that such an intimal Hap wiU not beM- lo 

within the body P^geway 80. whereat it is desired to fold inwi^dly into body passageway 80. nor tear loose 

expand the hiinen 81 of body passageway 80 via intxaiu- and flow through body passageway 80. In the situation 

imnaJ graft 70. or where tt IS dearrd to implant pnwhe. J of utilizing graft 70 in the manner previously described 

SB 70. nuorwcopy and/or other ranvesiionaJ tech- to expand the lamen of a ponion of a critical bodv 

niquesmay be onhzed to msore that the catheter S3 and passageway, such as the left main coronarv anervT^ 

graft, or prosthesis. 70 are delivered to the desired loea- believed that the intimal flap will be unable to oc-ludc 

noa wnhm the body pwageway. Prosthesis, or graft. the left main coronary anery of the hean and cause the 
70 IS then expanded and deformed by expanding the, 10 death of the patient. 

whereby the prosthesis, or paft. 70 is expanded and baUoon 88 one tune in order to expand and daoimmii 

deformed radially, outwardly mto contact with the 70. it is believed that a greater amount of endotheUmn 

body passageway 80. » shown m HG. 4. In this regard. or imier layer of the intima. or inner surface of the bed v 
the expandable, mflatable ponmn of ca thet er 83 may be 11 passageway, wfll be preserved, insofar as the exim of 

a conventional angioplasty balloon 88. After the desired . endothelial denudation during transluminal annoDl«« 

expansion and deformation of prosthesis, or graft. 70 has is pioponionaJ to the baUoon inftation time. pSSerS^ 

been aceomplistal. an^oplasty balloon 88 may be eol- theory, the amount of ptwerved endothelium shoiild be 

lapsed, or delUnal. and the atheier S3 may be removed large beeaase in the expanded eonfiguration ofgnftn 
m a convenaoaal immner from body passageway 80. If a> poteadally 80% of the endothelhim b exposed Srouzh 

desirwJ. as sea a HG. 3. catheter 83. having graft or the openings or expanded slou 82 of graft 70. It is fur- 

prosthesis. 70 dspmed thereoiu may be initially encased ther believed thai intact patches of endoUielium wmn 

m a eonveaoonal Teflon TM shjath 89. which is pulled expnided slots 82 of graft 70 may result in a 

away from prosthesis, or graft, 70, prior to expansion of multieentrie endothelializatioa patten as ^wn bv 
the prosthessa, or graft, 70. jj expeimental sndies. 

^^,^^J^r^ tFi?^ 3 and 4. it should be Whh reference now to FTGS. S and 6. prostheses, or 

noted that tubular memte 71 of prosthesis, or graft. 70 grafts. 70 of the type previously described m con^on 

m,naUy has the first predetentoned. collapsed diameter. with FIGS lA and Ifl are shown, and the tnbuh,^ 

d. as d«=nl«i » conneawn with FIG. lA. in order » bets 71 of grafts, or prostheses. 70 have a biologicaily 
pemut the msertion of the tubular member. 71 into the 30 inert coating 90 placed upon wall surfaces 74 of 

bodypassageway 80 as prev,o«ly described. When it U shaped members 71. Examples of a 5ui«a,le biotoScX 

d^r^ioimptoprostheas 70 >jathm. body passage- inert coating would be porous polyuretteme Te- 

way 80 for the purposes prevunoly described, the pros- flon TM . or other conventional biolo^aj^^ plJ.L 

"H°r^,."?^ deformrf to the second diam- mauaials. The coating 90 should »^ «T fiy 

eter, d . and the «cond. e^ed diameter, d'. is vari- 2S elastic so as not to interfere with the desired «p^^^ 

aMe and deter«m«l by the mtemal diameter of the aad deformation of prosthesis, or graftTTTcS^M 

body pasagcway 80. « shown m FIG. 4. .-Vccordingly. may be further provkled with a mi«foranSf 91 

rht expanded «d deformri prosthesb 70. upon defb- (HG. 6) the tubular member 71 to the body^«S,v 

uo« of "S-opluty balloon 88 wiU wjt be able to migrate 80. Anchoring means 91 may be comprised Wh^- 

from the desired locauon wtthm the body passageway « ity of tadially. outwardly exteadinj^ections 92 

80. nor w,ll the expanaon of the prosthesis 70 be likely formed on the coaling 90. As seen in FIG "tSaM v 

to cause a rupture of the body passageway 80. Further- outwardly extending projections 92 could cTm^k 

'"^f " or graft. 70 is not a "spring- plurahry of ridges 93. or oS«^~f ra^ESyTut' 

like or • self.«xpanding member-, the prosthesis is not wardly extendinVprojectio.^,2Srr. h my be 

consistenUy apply«g « outward, radial force against 45 abletohaveapliSity'ofopeninSwf^^ b^^^^^^^^ 

the interior surface of body passageway 80 in excess of 90. as shown in HG. S. wSTthe fliS^rorcSrf^f 

requ^d to resut radUl coUapse of the body pas- body passageway 80 can K di«ct t^t^tT^ tl^e 

sageway SO^Thus. eroBon of the interior 5urf«:e. or dilated, or expanded, body passag^ya^^ 

"'^SL, ..'^ ^J".^'' ""^r " "'7"*^ " ■* ttat't^^dt^Tnot limited 

When It a desired o use e.M>aadable mtralurainaJ JO to the exact details of construction. oi««tion aa« 

graft 70 to exp««l the lumen 81 of a body passageway materials or embodiment sho^^ d=^ « ^ 

80 hav,„g an area of s|enosu. the expansion of intralu- ously modifications aad equival^wS^I^ ° ,Vo 

mmal va«:u:ar gjaf. 70 by angioplasty balloon 88. al. one .killed in the art. Fo? exam;te.Te mi^o7 « 

low, controlled ddauoD of the stenodc area and. a, the pandwg the prosthesis or ^wSd I^TXiity^f 

same time controlled espansion and deformation of the 5J hvdrauiicallv actuated n^m^^bLTA^Z^ 

v-ascuUr graft 70. whereby vascular graft 70 prevents catheter or a ^^l^t^o^^^l^J^^^J^r^ 

,1 P«v.oudy expanded lumen 81. Once the invention is therefore to be limit^nly bTSiTKOBe 

again, the second, expanded diameter d- of mtraluminal of the appended claims. o«y Kope 

vascular graft 70. as shown in FIO. 4. is variable and 60 1 ^1.;^, . 

determmed by the dmired expanded internal diameter 1. A method for implanting a prosthesis within a bodv 

of btjdy passageway 80. Thus, the expandable intralu- passageway eomprisikg the IteSof: * 

mina^ gratt 70 will not migrate away from the desired utilizing a thin-waUed. tubu^ member as the nr» 

locauon wuhmjhe body passageway 80 upon defUuon thesiZ the mbular membTl^^n S«nSity^f 

of angioplasty Wl»»n 88 nor wiU the expansion of 65 tlou formed therein, the slots being diJoS^ 

m.«lum.nal graft 70 hkely cause a rupmre of body nantially parallel to the longitudiLj^lf "he 

passageway 80. nor any erosion as previously deicribed. tubular mnnber. "giiuauiai axis ot the 

Further, should an intimal flap, or fissure, be fonned in disposmg the pros^ upon a catheter 
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injerting the preahesu and catheter within the body nafly paralld to the longjtudinaJ axis of the tubular 

passageway by eatheteiization of said body pas- member: 

^'^^'"H^Ar u u ■ . laving -a fini diameter which 

expanding and defbnmng the prosthesis at a desired permits intraluajinal delivery of the tubuJar mem 

location within the body pasBgeway by expanding i her into a body passagerway having a lumen: and 

a poftien of the catheter assodaMdwh the pr^ the tubular member having , seconi expanded and 

thesis to fen* the prwfliais t»iinUy outwvdly deformed diameter, upon the application from the 

bcmg drfotmed bqrond tadme famiL wardly exiendmg force, which secoiid diameter is 

i The inethod of claim 1. fiirtho mdudrng the steps W variable and dependent upon the amount of force 
o£colh|mngthepartioooftheeatheter^a.tedwitb appUed to the tubular member, whereby the tubu- 

the prosthests. and removmg the catheter from the body Ur member may be expanded and deformed to 

passageway. expand the luaea of the body nassaeewav 

1 Tlie method of cUm, 1. inclutfing the sups of: ,4. Tbt cxp«>dable intraluaiMl^ar graft of 
unhang a caih^ havmg an apandaWe. mflatable " claim 13. whereSa the slots are oniformly and drwmifer 
porton assootted ther^oth; and ^ expoaon and adaHy spu^ torn adjacent slots and the slo^^ 
defoimason of PJ«fj«? the poitwn of the arffonnly spaced 60m adjacent slots along the loL^ 
cadietw B accomphshed IV mflaimg the exp««to «ii«««l axis of the tubular Ser. whereb; JleLTo,^ 

"^^'^2£„-i^^eslotsare«.i. - "^"^^^^"^^^^^^ 

i -nte method of claim 4. wherein each slot has fira J« U wS^? .SIT^k!!?^ 
and second ends, and the first ««1 second ends of each S^^IL^?^,,'?!!^ ^f"*^ 
slot are disposed mtermediate the first and second ends 

of adj«*^slo.i along the longitutfnal axis of^tS^ ,„ S?^, 

larmMber o. uw 17. The expandable mtraluminal vascular graft of 

& The method of claim 5. wberm the thin-wdled ^ ff" «»ots have a substantially rectan- 

tubular member and the elongate membeis disposed £ff ««»fi8»«tiM when ^ tubular member has the 
betw«a adjacent stots have a ^orm waD thi^W^ STS™^ k * f*«»ti»«y 

7. The method of dahn I wherein the thin-walled „ «nfiguianw when the tubular member has the 
tubular member is expanded and deformed to a second " "^J^^"^^^^^' , . 

diameter within the body passageway; the second, ex- • 5?*°° "" mtralnmmal vascular graft of 

panded diameter being variable and determined by the wherem the sloo have a configutadon which 

internal diameter of the body passageway, whereby the «*ntatantially a paraDelogram after the tubular mem- 
expanded thin-walled tubular member wiD not migrate 40 expanded and deformed into the second 
from die desired location within the body passageway ^f^^ diameter. 

and the expansion of the thin-walled tubular monber ^' ^ expandable intraluminal vascular graft of 
does not cause a rupture of the body passageway. claim U. wherein the tubular member has a biologically 

8. The method of claim 7. wherein die thm-waUed coating on the wall surface. 

tubular member is uniformly, outwanily giprndrd and 45 expandable tntialuminal vascular graft of 

deformed along iu length. ctaim 19. wherein die coating includes a means for an- 

9. The method of claim 1. wherein the thtn-waHed choting the mbular member to the body passageway, 
tubular member is provided with a biologically inert V~ ex p anda b le intraluminal vascular graft'of 
coating on the outer surface of the thin-walled ubuUr ciMim 20. wherein the anchoring means is a plurality of 
f^oaber. ^ radiaUy. outwardly extending projections fonned on 

10. The method of claim 9, wherein the coating a ^ coating. 

provided with a means for anchoring the prosthots to ^ expandable intraluminal vascular graft of 
the body passageway. claim 19. wherein the coating has a plurality of openmgs 

11 The method of claim 10. wherein the means for therew to allow communication between the body pas- 
anchoring is the coaang being provided with a plurality js **ge^y and the mterior of the tubular member, 
of radially, outwardly extending ptojections for en- 23. The expandable intraluminal vascular graft of 
gagement with the body passageway. claim 13, wherein the outtide of the waU surface of the 

li The mediod of claim 9, wherein the coating is tubular member a a smooth surface, when the tubular 
provided with a phnality of openings to allow commn- member has the first diameter, 
nicaiion between the body passageway and the interior fio 24. An expandable prosthesis for a body passaoeway 
of the thin-walled mbular member. comprising: 

13. An expandable intraluminal vascular graft, com- a thin-walled mbular member having first and second 

^ n A , u u ■ . ends and a wall surface disposed between the first 

a thin-walled tubular member havug fint and second and second ends, the wall surface having a subsun- 

ends and a wail surface disposed between the first 63 tially uniform thickness and a plurality of slou 

and second ends, the wall surface having a substan- fonned therein, the slots being disposed substan- 

fa2j'".£^n'^h f" H'^ • J?''^'^ ^ " longitudinal axis of the tubuUr 

formed therem. the slots bemg disposed tubstan- member; 
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the tubular member having a first diameter which 35. An apparatus for intraluminally reinforcing a 

penniis incniuminaJ delivery of chs tubxilir man* body passageway, ccmprising: 

her into a body passageway having a lumen; and An expandable and defonnable, thin-waJled tubular 

the tubular member having a second, expanded and prosthesis having fim and second ends, and a wall 

deformed diameter, upon the application from the ^ surface disposed between the first and second ends, 

interior of the tubular member of radiaOy, out- ^ ^ nixfacc having s plurality of slots formed 

wardly PTtmrimg fdrec, which second diameter b ibcrein, the slots being disposed substantially paraj. 

variable and dependent upon the amount of force Ic^ to the longitudinal axis of the prosthesis; and 

applied to the mbuUr member, whereby the mbu- * catheter, havmg in expandable, inflaublc ponion 

lar member may be expanded and deformed to *»oaatcd therewith and including means for 

cxpand the lumen of the body tussaecwav mounting and rctammg the expandable, thin- 

a. T^Hxpandable prosthesis forS^ ' ^^^^^ P^osOt^^ 

of clahn 24, wherein the tubular ^ber has a biologi- whereby upon inflation of the expandable, inflatable 

26. TTie expandable prosthess for a body passageway deformed radxaUy outwardly into contact with the body 
of dann 25. wherem the coanng mdodes a f^*-^f** for pasageway. 

anchormg the tubular member to the body passageway. 36. Tlxe a^tus of claim 35, wherein the mounting 

27. The expandable prosthesis for a body passageway «ad retaining means comprises retainer ring members 
of clahn 26. wherein the anchoring means is a plurality 20 disposed on the catheter adjacent the expandable, inflat- 
of radially, outwardly extending projections formed on portion and adjacent each end of the expandable, 
the anting. tubular prosthesis. 

28. The expandable prosthesis for a body passageway ^* ^ apparatus for expanding the lumen of a body 
of claim 25, wherein the coating has a plurality of open- p«sagcway comprising: 

ings tberean to allow communication betweoi the body ^ " expandable and defonnable thin-walled iniralu- 

passageway and the interior of the nibular member. vasculargraft having fim and second ends, 

29. Tbe expandable prtsthesis of '-^^^ 24, wherein * ^ surfece disposed between the first and 
the the slott are uniformly and circomferendaUy spaced ^ surface having a plurality of 
from adjacent slots and the sloes are unifotmly spac2 ,„ » ^ ^""^ "^^^ 
from adjacent slots along the longitudinal al rf^ '° ^J^,^"^^ longitudinal axis of the 
tubular member, whereby M least one elongate member * u. • ^ 

30. The ex;«ndabte prosthesis of claim 29, wherein mounting and retaining the^Sb °^oi™ 

' H " intrSuminaJ vascafar gra^TS S^^Te^ 

second ends of each slot are disposed intermediate the inflatable portion, P^aoic, 

first and second ends of adjacent slots along the longiiu- whereby upon inOation of the expandable, inflauble 

dinal ass of the tubular member. pornoa of the catheter, the intraluminal vascular graft b 

31. The expandable prosthesis of clahn 24, wherein expanded and deformed radially outwardly into conuct 
the tubular member* does not exert any ourwarti, radial ^ body passageway. 

force while the nibuiar member has the Gnt or second, The apparaois of claim 37. wherein the mounting 

expanded diameter. and retaining means comprises retamer ring members 

32. The expandable prosthesis of claim 24, wherein disposed on the catheter adjacent the expandable, inflai- 
the slots have a substantially rectangular configuration portion and adjacent each end of the expandable 
when the tubular member has the drst diameter; and the intraluminal vascular graft, 

slots have a suhsianoally hexagonal configuration when . method of clahn L wherein tantalum is uii- 

the tubular member has the second, expanded diameter ^ tubular member. 

33. The expandable prosiheis of claim 24, wherein ^' ^ «P»adable intraluminal vascular graft of 
the slots have a configuration which is substantially a tantalum is utilized for the tubular 
parallelogram after the mbular member has been cx- ^° 

landed and deformed mto the second expanded diame. JL^^lZ^tr'^'^^^ 

The expandable prosthesis of claim 24. wherein u^lT^Z^';^^ ^ 

the ouiwde of the waU surface, of the tubular member is 53 4311^; an , • , • 

asm^^^hsurfac. wbenthe.^ ^^^^^oVS ^^""^ « 



60 



65 



United States Patent (i9] 

Palmaz 




in 

US005 102417a 

[uj Patent Number: 
[45] Date of Patent: 



5,102,417 
Apr. 7, 1992 



[M] EXPANDABLE INTRALUMINAL GRAFT, 
AND METHOD AND APPARATUS FOR 
IMPLANTING AN EXPANDABLE 
INTRALUMINAL GRAFT 

[75] Inventor Jolio C Ptlnaz, San Antomo, Tez. 

[73] Assignee: Expandable Grafts Pannenhip, San 
Antonio, Tex 

[21] AppLNa: 174;M6 

[22] FBed: Mar. 28, 1988 

Related U^ Appiication Data 

[63] ContiniutioiMD-part of S«r. No. 923,798, Nov. X 1986, 



PaL No. 4,739,762, which is a cauiaaaxtoiMD-pan 
Ser. No. 796,009. Nov. 7, 1983, PaL No. 4,733,6« 



of 



[51] IntCXr 

[52] u.s.a.. 



A61M 5/00; A61F 2/02 
fi)6/195; 604/8; 



[58] Field of Search 



604/96; 604/282; 623/11 
128/343, 344; 604/93 



[56] 



604/49, 282, 343, 97, 8, 2S3; 623/1, 12, ll! 

606/191-195, 108 

References f^pd 
U.S. PATENT DOCUMENTS 



3J99,64I 
3,968.300 
4,076,285 
4,303,569 
4.353^5 
4,676,241 
4.731.054 
4.73X665 
4.739.762 



8/197] Sheridui 
7/1976 Vilao 



2/1978 Martinez 

3/1983 Doner. 

11/1985 Masssetal 

6/1987 Webb « mi. _ 

3/1988 BiUeteretaL 

3/1980 Palmai 

4/1988 Palmai 



. 604/283 
. 12ay343. 
. 604/242 
. 128/343 
128/341 
. 604/283 
604/93 
128/343 
128^043 



FOROGN PATENT DOCUMENTS 

I2Q5743 9/1970 United Kingdom 

2135583 9/1984 United Kingdom 

OTHER PUBUCATIONS 



128/043 
128/343 



•^-Expanding Endovascnlar Graft: An Eiperimca. 
aJ^tndy m DoffT; Yoshioka et aU AJR 151: 673-679. 

"Expandable Intralnmiral Graft: A Preliminary Siudv^ 
Rwliology, JnL 1985 Paper Presented at TOih Scientific 
Aaanbly md Annnal Meeting of the Radiological 
Soacty of North America, Nov. 25, 1984, by Joib C 
Palmaz et aL 

TranslmmnaDy-Placed Coflspring Endanerial Tnbe 
Grafts-; Dotter Investigative Radiology; Sep.-Oct 
1969. 

T*^on Sorgxcal Placement of Ancrial Endoprostheses; 
A New Technique Using Nitxrol wire*'; Craju! er al_ 
Radiology 147, 1983. ^ 
Tc^iya Yoshioka et aL, -^-E^anding Eadovasco- 
L^^nrft:^^ ^penmental Study in Dogs", ASR 151: 

Primary Examiner-^ Fred Rosenbaum 
Assistant Exammei^lAzr^ Bockdman 
Attorney, Agent, or Firm~~Bca D. Tobor 

[57] ABSTRACT 
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EXPANDABLE INHULUMINAL CRAFT. AND S^?S^h£[y't^'2^:oSd'^f^ 
METHOD AND APPARATUS FOR IMPLANTINC bSdJ mWv^St 1, ^"^^ "^"^^ 
AN EXPANDABLE INTRALUMINAL CRAFT SL^^^^^t"" ^inT^^T^ZT^. 

RELATED APPLICATION ' ^^^IfZ'^T^;'^^ 

This applicaticm is a contmuation-in-pan application Another aheniative to coDvcndonaJ vascular surffcrv 

of Applicant's co-pending application, Scr. No. 923.798 kas been percutaneous balloon diUoon of clastic v«cii 

now U.S. PaL No. 4.739,762, filed Nov. 3, 1986, which Iw stenoses, or blockages, through use of a caiw^ 

application U a continaatxon.ia.pan of Apphcanfs co- mounted angioplasty balloon. In this DroccdmT 

padiDg apphc^ Ser. No 06 7^^009 now U.S. Pat angioplasty balloon b inflated within the stench Z 

^J^^ ^Z' lll^^ Expandable sel, or body passageway, in order to shear ^^p, 

SS?^^ Sw^l^ and Ap^tus for the waDcomponenisof the vessd toobtainaneiS 

Implanting an Expandable Intraluminal Graft. lumen. With respect to arterial aiherosdeerotic ll^S 

FIELD OF THE INVENTION ^ «^vely incompressible plaque remains unaltered, 

Ih. invention to an expandable intxalmninal ^^t^ ^ ^^'T'^'l' 

graft for use within a body pas^gev^^ or duct and, wL^ ^ P*^"*- ^ 

more particularly, expam^rkLluL^ SSS^cf^"^ i*'^ * 

grafb which are parSTuseW for^Li^^ 

vessels narn>wed Wocdudil by discas^^meSS ll^^^^J^^^ " P«agcway. 

«id apparatus for implanting Z^^lc intraluminal S^.^f * ^P'' of 

grafts. o»y reduce the blood flow 

throu^ the lumen, or block the hnnen. Typically the 
DESCIUFnON OF THE PRIOR ART 25 d«ttdn>8 intnhnninal pressure within the pas- 

Intraluminal cndovascular grafting has been demon- ^^^^ can hold the disrupted layer or flap, in pUce. If 
straied by cxperimeataiioD to present a passible altcraa- T** created by the balloon dilation proce- 

tive to conventional vascular surgery. Intraluminal en- " not maintained in phux agamst the expanded 

dovascular grafting involves the percutaneous insertion mtimal flap can fold down into the lumen 

into a blood vessel of a ndmlar prosthetic graft and its 30 ^^'^ close off the lumen, or may even became detached 
delivery via a catheter to Che desired location within the passageway. When the mtimal flap 

vascular system. Advantages of this method over con- closes off the body passageway, immediate surgery is 
veutional vascular surgery include obviating the need Mcosary to correct this problem, 
for surgically exposing, inching, removing, replacing, Although the balloon dilation prtx^duie is typically 
or bypassing the defective blood vessel 35 conducted m the cathetcriration lab of a hospital, be- 

Structures which have previously been used as mtia- foregoing problem, it is always necessary to 

luminal vascular grafts have included coiled stainlss * surgeon on call should the intimal flap block the 

«ttl springs; helically wound cofl springs manufactured ""^^ or body passageway. Further, because of 

from an expandable heat-sensirivc material; and expand- possibility of the mtimal flap tearing away from the 

mg stainless steel stents formed of stainless steel wire in 40 Wood vesel and blocking the lumen, balloon dilations 
a ag-zag panem. In general, the foregoing structures cannot be performed upon certain critical body passage- 
have one major disadvantage in common. Insofar as ways, such as the left main coronary artery which le«l$ 
these structures must be delivered to the desired loca- mto the heart. If an intimal flap formed by a balloon 
uoD within a given body passageway in a collapsed dilation procedure abruptly comes down and closes off 
ttatc, in order to pass through the body passageway, 45 aciitical body passageway, such as the left main coro- 
there u no effotive control over the final, expanded vary artery, the padent could die before any suraicnl 
configuranon of each structure. For example, the ex- prt)ccdures could be performed. 
pansionofaparticuhu'coacdsp Additional disadvamages associated with balloon 

tcrmin«J by the sprmg constant and modulus of eUstic- dilation of elastic vascular stenoses is that manv fail 
ity (rfthcparucuhffnuterialutilixcdtomanufi«mired^^ 50 because of elastic recoil of the ttenodc lesion. This 
coiled sprmg structure. These same ftoors predctcr- »uaUy occurs due to a high fibrocoUagenous content in 
mine the amomit of cxpaasian of collapsed stents the lesion and is sometimes due to Mtain m^K.^i^ 
formed of stamlos steel wire m a zig-xag pattern. In the characteristics of the area to be dilated. Thus, althouah 
case of mtralummal grafts, or prt>stheses, formed of a the body passage^i^ay may initially be su^sfully «. 
heat sennovemateriaJ wbchexpuuU upon heathy 53 panded by a baUoon diUtion pr^edurc^^Z^t. 
amount of expansion » likewise predetermmed by the eariy restenosU can occur due ti the R«fl ofSSy 
"^T"" charactensu« of the particular alloy passage^•/.y waU which decreases the size of theprev^ 
utfltxcd m the manufacture of the mttalmninal graft ously expanded lumen of the body ^^y ^r 
Thus, onoe t^^fon^g types of intrdummal grafts exmnpk, stenoses of the renal ^^Sm « 
are expanded at the desired location w^ a body pas- 60 known to be refractory to hafl^fladon bS S 
TrrlZ'Hi. " vaiu the expanded dilating forces are apphed to the aortic wall ^STthan 

Tf^":^ ^ to the renal artery itself. Vascular stenoses causedT 

the desared body passageway has been miscalculated, an neointimal fibrosis, such as those seen in dialysiwcces 
undosized graft might not expand enough to contact fisttdas, have proved to be diflicult to dihite, requiring 
the mtenor surface of the body passageway, so as to be 65 high dilating pressures and larger baDooo diameters 
secured thereto. It may then migrate away from the Similar difliculties have been otecrved in angiopUsties 

desired location withm the body passasewav Uk^Mnt^ . • *u5'"p*«jc5 

&fi nvi^i*^ ««f» ^;«k, «r^^i V^^T^^* of graft-artery anastomotic stncmres and postendar- 

an oversized graft mighi expand to such an extent that tereaomy recurrent stenoses. Percutaneous an^oplasty 
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graft, wherein the length of the ieqir^mS^e«l! "f*^ '»>>»l»r oanber 

a«ihe.«r to the dobed location with^^ to^^^of^ °' '^'^ inveaaW 

^ Some grafts do not have the reqnisittS^ Suri SSi 'Sf*^.' may be n thin 

be^so « ,0 negotiate the curves S bends ,S ^Srf ^ ^^^^ 

««fts which^S^^SSSStiS :o vaJ^.TE^^ ^-«^- foregoing ad- 
lespect to their longftudiaalltes. SSTf^ ?^ th™", 

Accordingly, prior to the developaea of the present Sf^P'^^^^^f^^^Sa 
»v«uon. ttee has been no expidaWe ina^S SEST^''- ^ P««« 
i^sadar graft, and method and apparan, for expaS **P«^8 « conaeaor 

the lumen of a body pasageway.^^: prwSo^ 25 "i!*^' prostheses to flexibly 

curraice of stenoses in the bodj pa^S^^ ^ " X^^"' P'^"* to each other; dispS a^S 
otthzed for ortticaJ body passagJ^STIS^'^ tSf l2 S^SSS^'^ '"2?"" "P^" «^^^g 
ma« coronary artery of a patienfs heart;- prevrae re^ bviS^^^^'^*^'*^'«««»dyp.Wv^v 

fflinal graft to be expanded to a variable sixe to prevent 30 « a?f Z*^ . "P*"*"" of at least one of the prosthe- 
migration of the graft away from the desired iS. « JIh" ^ passag^bt 
and prevae mpmring and/or erosion ofSTbodTS^ S^S! Uf^"" ft^ 
sageway by the expanded graft; permits t^V« l^^t °^''^^'^'>f^P'^>«i^^£ 
elongated secnon of a body passasevwy to ^^^r,^ omwardly mto contact with the body Dassaffw^TI. 

way; « beheved to be able to be milixed iSStSy Sdv t^*****" "'^'^ removed fi^^^ 

pasageways. such as the left mam coron^wen^f P^e*ay. A ftirther featnre of the pm^t ^ 

the heart: prevents recoil of the body * « expSSS 

be expanded ,0 a variable size within KSfSL!^ ^^^'^rT°^ '^^^ "^^^^^^d 
prevent migration of the graft a»S f^^ 45 ^^^^^'X'^'^'^P^of^Z 
deared location: and to prevent rapmring aad/ot M^^^^ ^ '"^S the expandable, inflat- 

s.on of the body passageway byX^£ ^ A ^T" f 

permits nssue of an elongated section ofl^y^^ th^,^^ '"T" o*" P'««' "mention b that a 

way to be supported by «. elongated graft;'^^ "v"^. »«»««^ "tili«d «s «:h 

curves m the v«c«lar system. £ SSl^ 

SUMMARY OF TO INVEKHON ^ f^oth^TJSL^^^^ 

In accordana with the invention the foregoing ad- 2^1^ 'f^"** ^J^^- ^ '^'^V ««» circmaferentiali; 

vanages have been achieved through the p^l ex- 5S K ^"^"^"^ «tots may be^^ 

pandablemtraluminal vascular gnAThe prSv^ ^TSL^r^J^ "^j^' "o-S the te^tS^- 
non mcludes a plurality of thin-walled mbdi^^^ - S,!^, «ch ttibuhir member. whe.4y at l«S^e 
h-vmg first and second ends «id a waD smft«^^^ ""^^^ f"**" ^ ««»Ja«nt ^ 

between tte fet «.d second ends, the walls^S lea^Sl^^^'^'P^^'^venti^thw^eat 
ha^^g a substantially uniform thickness and a phS 60 ^TrTT"^ ""^ 1*SP««1 » a non 

of slots formed therein, the slots being disposed K «fationsh,p with respea to theto^dinal «L 

tally parallel to the longitudinal MbifX^S^ of adjacent prostheses. A further feature of the pS 
member: at least one conn^.or mem^ gl" !^ the at least one comiector m2.Ky 
between adjacent tubular member, to flexibwSS JL?^ "P'"^ ^ »oiber «d 

fh?^ ■'"fff ^'''^ P*™^ intralummal delive^ of jTi^.'^^'^'^^'^he present invention is that the 

the thm-walled mbular members mto a body oaS^.!. r^- „^ cowector member may be formed as a 
way vug a lomen; and the tubular members having j 

» tTtiblr BCTbS!*' copJanar with adjacent 
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.ppJtusforktx,lumin:UJyr4.SrS^atdy^e- ^ P««"' 

way. The preseal invention includes: a plurality of ex. FIG 8 ic . i 

paadable and defonnabl^ thin-walled t^alar ^rosthe- 5 aloVglti Vi^^ i °' '^^^ 

ICS, each prosthesis having fiist and second ends and a nr; o jfT 

wallsnrfacedisposedbetweaithefiistandsecoadends. whori« ,h, J!^*?!LT^ "^'^^ «^ 7. 

the wall suifece having a plurality of slots fo^ F^,?f.f!l^!!^ " '^''^^ 

therein, the slots being disposed nbitantially parallel to .fwTh. !jfft f"^''' "^'"^ S^aft of HG. 7. 

the longimdhul axes of the prostheses. « least^necon. 10 ^S,^ «»«fonned. 

neaor oember being disposed between adjacent tubu- JZ^ rnvrntian will be described in connection 

l«r memben to flexibly connect adjacent mbular mem- ^7 prefored embodiment, it wiU be nndentood 

bers; and a catheter, having an expandable, inflatable tZttl ** ■«»n'«MOto limit the invention to that em- 

portion associated therewith and including m>.^, for «««»n»o«- On the contrary, it is intended to cover all 

mounting and retaining the expandable and defotmable 15 f*^^*^ "odificalions, and equivalents, as may be 

tabnlar prostheses on the expandable, inflatable portion, """oal wjthm the spirit and scope of the invention as 

wherd>y upon inOadon of the e:qnndable, inflatable ox tne ^ipended daims. 

S^fc!^'^*^''??'**^-*^.'''?*'^*""^^ DETAILED DESCRIPnON OF no: 
deformed radially outwardly into contact with the body rnvra^Kt 
P«i«eway. A ftirther feature of4he present invention 20 , INVENTION 
is dial the monnting and retaining means may comprise " «GS. lA and IB, an expandable iinni hm.m,| 
a retainer ring member diqnsed on the catheter adja- ^""^^ or expandable prosthesis for a body pas- 
cent the expandable, inflatable portion and adjacent » illnstrated. It should be understood that 
each end of the expandable and deformable tubular „ "expandable tatrahnninal vMcular graft" and 
prwtheses. «P«»dable prosthesis" are interchangeably used to 
TTie expandable intraluminal vascular graft, method "» describing the present invention, insofar 
for unplantug a plurality of prostheses within a body « methods, annratus, and stnictnres of the present 
passageway, and ^tparanis for intrahiminaay reinforc- "vention may be ntilixed not only in connecticw with 
ing a body passageway of the present invention, when ™ expandable iatrahiminal vascnlar graft for exnandine 
compared with previously proposed pnor art intnUu- 30 P«naUy occtoded segments of a blood vessel wbod v 
minal grafts, methods for isq>lanting them, and balloon P»«««eway. but may also be utilized for many oth« 
ditanon techniques have the advanuiges of: preventing P«BPOses as an aqandable prosthesis for many other 
L^^" °^ """^.l^*^"* P™^' ^^"^ Pisageways. For example, expandable 
Hon of grafts m cnncal body passageways, such as in Prostheses TO may also be used for such purrSaas- m 
f^f ^K-!?™^ artery of the heart; prevents 33 «PPortive gnft placement within bloSidarwies 
r«oil of the body paaageway; prevents erosion of the opened by tianslmninal wcanalixation. taTwhfch^ 
body paaages^y by the expanded graft; permits expan- likely «o collapse in the absence of m inmJs™^ 
son of the graft to . variable size dependent npoHon. (2)»i»>il«r use foUowingaA^S^gT^iSS 
diuons within the body passageway; permits tissue of an «tinal and other veins^ud"K^o^°2n^' 

?yT£.S°»2i^/'^f 40 Wrdnfprcementofc^het^^Lt'ed 

by an elongated graft; and provides the necessary flexi- mumcations between portal and henatie v^iT^ 

bOitytonegonate die bends «.d curves in the vascular »f ering fh» p^ hy^SS^*^^^:^ 

^ placemem of narrowing of the esophagus, die 

BRIEF DESCRIPTION OF THE DRAWINGS ^^T^?^ "'^ *^ C3) supportive 

In the drawings ^^^'T^.''^ "''^ P'^'^ <^ 

naiAisap^veviewofanexpandableintra- ^^^^^'S^T,^ "^"^ 

Inminalv,scnlargr.ft.orp,osthesisfor7^,^5- »« tyP^^^^TS^^^Z'Sfl'^ 
way. havmg a first diameter which permitt tWW^^of 'in^mnnJ^S^^J^t^ 

figuration shown in FIG. lA™^ m the con- ^««« b«we« a« fim and «*oad ends 7i 71 Tn- 
FIG. 4 is a cross-«ctional view of the apparatus for SlS-^^-^? **• » 

g^orprosthe^.theconfij^tio^sh^rn^o! ^.-J^-'t^p-lJiS^ft^ Jl^iS- 

nGS.5and6arepcr,pectiveviewsofprosthesesfor ^i^,^^^^^^^''-:^'^'''^ 
a body passageway, with the grafts, or prostheses, hav- (teShSibSTmlw Jf?"^ t^btd m greater 
u>g a coating thereon; «=. nav «»J tubular member 71 has a second, expanded diame- 

ter. d . which second diameter d- is variable in size and 
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Tubular manbcr 71. n«y be any suitable materia] r«!^SinI^'sh'o^rF?G^B'"r"r'"' 
which » compatible wi± the humaa body and the bod- along the iS ofSar m^^' ^"""f 
fly fluids (not shown) with which the vascolar graft, or 5 of the uS^g^^'lL''.^^^^ 
prosthesis. 70 may come into contact. Tubular member described h« ^CTLT^^ . " " P^^us'v 
71»ustalsobe««leofam««ialwhichiru,TS^ SSw 5?.htS.icS^o?' ^' 
me strength and elasticity characteristics to perahthe SotbL m^h« « ?^ eannectmg membcn 77. 
tabular n«nber 71 to he exp«.ded «m drfoS^ SS^tSSS ^^l^^^r 1' 
the coifiguntion shown in FIG. lA to the cotrfigma- lo thicSeslfS^^ '^^ "^"^ 

t«a shown inustnted in no. IB and farther to poinii mSSS CTw^SoJ^r^fi ".shown, and the 
the tabukr member 71 to retain its expanded aST coofiguration of elongate 

fonned configtwtion with the eah^ldiaaettr nfmJL^^^i T"" 
shown in no. IB «d resist r^ST^IlapTlSSbl SiSd^SS ^^S^tSS^"?." 
materials for the fidirieatian of tnbokrMiber 71 15 aaXt U.f,^Z^T^^^ » 
would include silvei', tantalum, stamless ^ wli fe^Z^i^!"?*^?^ o^t^e forego- 

tit^uum or any suitable pkstiTLSSSvSTL^ S^aT^ £2^"^ ? 
uisite characteristics ptevionsly described. STi, ntJ^Ku ^ fS^ de- 

P«efer:*ly. tubuh^ membe; 71 is^y . thin- Sthel'^^'iliSS?*""^*"'^^^™^ •'^ 
walled stainless steel tube having a uniform Jail tS » SS^y « « Io^h^kT!!?" ^^^^ 
ness. and a phsality of slots « Le fonned m the waD wSTISL^- 7^ ^. ^^«>y ™ooth. 

snrfiu^ 74 of dibular manber 71. As ^iT^pfo.^ a^^r^SS^ the 
when tubntar member 71 has the first diamet" 4 Se S?'t^S^IJ:,^r*^^"i^'^ 
slotsIB are disposed substantially paraDdTt^TongiS! ^Si^a^ET f « ^ 

dinalaxisofthetnbularmember7rAsseeaLrnGK 25 SStt2ir^K^l^,^!^?°°^ oonfigMration when 
the slots 82 are preferably uniformly and drcumfe^- ^ d' 

tially spa«l from ^Ijaccn. slos as by conne^ ^^^^lT'tSI^"-^T^f 
members 77, which connecting membeis 77 Dreferablv ^^JuTJ^ i *2 miUaUy have a sub- 

have a length equal to the wi*hTd^ £ ^^Vf^f^ configuration when the tubular 

nc. lA. Slots 82 a« further umfomTy^^^m 30 STlJ^Jt^'.S"^'^'.* ^ "G" 

adjacent slots 82 along the tangitudinalaL^S sil^^^^^'S^^'** «^ o 

lar member 71, which spacing i piefeiably eoual to^t Z^!^^^^"^. ""^^ of con- 

width of connecting 77. ThT^Tfom^t Sn^r^f approximate a single point 

of slots 82 «ults in « least one donate m«^7S w^SS", S d^^*" ' 
bdng formed between adjacent slots 8rdonrate^- 35 ZlnM ^ Z • «««»™8 » configuration which 
ber 75 extending between1hrfi«^.di«^^^ l^^o^^.^^^ ^^"S^ (°ot shown). 
73 of tubular member 71. as seen in FIGIA J«^!?^ ^J*' 'H' "^^^ 71 

Still with reference to FIG. lA. each slot wiD have ^7*7^ ^ eonfiguration shown in FIG. lA to 
fin. and second ends with a co.^e«i.g i^^b^T^? 2?^£! " ^.T ^' tubu- 

disposedattbefustaadsccondendsofdot^P^en- « c^fiS^Rv .^fJl**^"™*'" 
bly. the f«. and second ends of e«:h slot C^fS- S^^^ST^^^i^^'LS'.r" I''^"™*'" ^ 
posed intermediate the first and second ends of adjacent Mau&!JS^«?^ ^ *^ prothesis. 70 is 

slots 82 along the longitudinal ««s of the nAularim^ aT^^ objeoed to a force which is greater 

ber 71. TTius. com^rtng taemben 77 wbS^S^ SSlimSS7^11,!^ -natetial utilized to make 
posed at the fust and second ends of ^h slot 82, «S 45 T^^^^ IL^*?"*"*'''' * "^^"l 

between dongate members 75. win in tun be d£oS 2tS^^2 ^ a«o«gatea«,ben 75 whereby 
mtennediate the fint «>d second ends of mlSl """^ ".P'^' 

82 along the longitudinal axis of the tnbnkr SeT?! andmove m a circumferearial di- 

Accordiagly. slots 82 are preferably iSf^yaS S^^'?"^ 

circumfe«aually q«ced fni adjacent S «d sSs 50 «^ »° 

82 «Jjacent to one another along tl«taigitti.Xrf I^K^^^T-.''-''^^^-"'^' 

tubdarm«nb« 71.rei«a,..iered'SSlp*^Sf T^^^'^ZlTi^^f " ^ 
one another. Altenaiiag slots disposed about the eir. ar^tJT^r u ^ wranafter described in 
cumference of n.bular 4nber^^tb^£ Z SSSJ2j?ff„rJ*?^ 
second ends 72. 73 ofmbnlarmemberTl WiD odyh^ 55 but also o deform elongate mem^ 

a length equal to .ppro«matdy oae!*Jf ofL togth l^r^a^ltTT <«««ft>«l. wherd.y the 

a complete slm^'sudthair-dot 82 tog touSK " £ If^^SIf 
members 78. 79, at both the first and secoL aTS S ^^ J^^^ 

of tubular member 71. Although the giafi. or Sfhot^.W « • T configuration shown in FIG. 

70 of nos. lA and IB is O^a^t^^^T^ « M S^ft^ *k thereof rnHG. 

approximatdy equal to the length of^ doo K h JISS """^ '° "P"""** ««' 

should be appa^it that the leagSof the^ "oS^tfS ™"1f°"°™ '""^ " ™- 

be made longer or shorter as desired £ZL "^^^ Prevent a body pas- 

The foregoing described construction of graft, or ShM^^.^'^''^*. hereinafter de- 

prosthesis. 70 p^ts graft, or prostheS 70 ^ Z 65 ^ ?°°!?- ""'^ 

panded uniformly, and outwardly, in a controlled FwTa <i>»mtter. d. shown in 

ncr into the configuration shown'in HG. it u^n^ 2d ilSl^^oT"' "T*^ '"^ 
application of a suitable force fn»n the inttriorTmbu! TO tt^„r^^°,^,' T^'^ 

AO. luouiax member 71 does oot exert any oui- 



5.102.417 

10 

waid, raxlia] force, in that tubular member 71 is not a Still with referentv tr> PTr:c » ^ ■ 
-spimg-Bce" or "sdf-expanding member-, which nouS t^t tTi^^^LTff 1"°^ " '^""^.'^ ^ 
wouU tend to e«n an outwardly radial force. mi^yhLT^L^ 

With reference now to FIGS. 3 and 4. the methods d. l^S^iS^L^oTS^h'S i^"^ 
-.dappamusoftbepresentinvendonwiabedescribed 5 pennit the in«^« "fl.^^" ^^^^ 
in gr«cr detail Once again, it should be understood body pasagl^ K^>?oSd^ ' 
■ thattheaethodsandappaiatusofthcpreentinvention dJ^TS^tp^^nlt^^^ '^"'^ 
« useful i«t only for etpanding the lumen of a body way 80 for" e^SS^vilu^^S.^bS'.h^r 
PMttgeway, such as an artery, vein, or blood vessel of theis 70 is. coa^K en^dri ^ 
the hfflun vasctHar system, but are also useful to per- 10 second dS^TzS^sStS^ J^^h" 
form the previously desoribed procedures to mtralumi- ter d' is vSaMe md rf«.lfi-^u v 
nally reiirforce other body pisageway, or dS^ «« of 't^ S^^S^ tSoti'S:???^ f^'^ 
previously described. StiU with reference to FIGS 3 by the amooni tf^Si of S/SSZS "l^^ 
and 4, an expandable mtrahaniaa] vascular graft, or of attee^ jS^i^if "f* (»"«"> «* 

g«d«ms.70.ofthe,ypedescnVdincon.ecSii^ 15 tor^^^'^t'-^^t 
FIOS. lA and IB. is disposed or mounted upon a cathe- baUoon Mt he'aK ffl? "ngioplasty 

2ra3.C^83h«an«pandable.inflaSSp^^ KS^^" to'Slt^y pX^^Tn^ 

pi£«7^-.en=^sSL^ S^ok^HH-S^^ 

the expandrf,le inflatable pordon 84of catheter quired to nSTtJffiZL rf^.^ °^ 

a retamer ting member 86 is disposed adjacent each end 25 ^^ToTtST?^^ the body passageway 

72. 73 of the eap»d.blc intnd^S^SSISl^ S ™ 

prosthesis. 7(LftS,ly. as seen in ^.S^ ^^nV^^T^^r^l''^- . 
nng members are foimed integral with catheter 83 and mftTO^ ^ '»*=„fP««'*»''« mtraluminal 

the iriainer ring member 86 .Scent tteSgl^l^ SbivS.^J^„^J"^ «1 of a body passageway 
of«the.er83 Slopes upw^dlyLlaJ^^lS'e^ 30 StSTaLS^^ 

_ op 87 m Older to protect and retain graft or prosthesis. lows coaro^Eon ^♦f '^"'^ 
• 70 as it is inserted into the lumen 81 of^y pj^t^ ^ S^f^SflSS!?^ """"^ area and. at the 
.O.astobehereinafterdesoibedingS^S'^^ ^g^^^ri^^'Sr^^" -^'^^ 
iwnammg retamer ring member 86 as shown in FIG. 3 the bodv ^JZ^^^L^^r^ ^ ^ prevents 
slopes downwardly away from tip 87 of catheteTS to 35 S^TS^r.^^f'^'' 
insure easy removal of caUieter 83 ftom body passage- aaainUie L^,r^^L?^^ i™," 
way80.Altereapandableintrahmunalgiaft..^S^ tSrl^S^ "'^""^ 
sis. 70 h« been disposed upon catheter wTin twL d^X i;=1^e:[L^ 
ner previously described, the graft, or pn«theais. 70 and of ^^S^^^^^^^^!^, 
catheter 83 are msened within a body paasigeway 80 by «o minal LSnO^Jt'J^ ^^^u 

?o2^2" '-•^ " - • 'r*°^F* sSyX:r/.?^.s:j 

In . conventional mamier, the catheter 83 and graft. SjSffiTL^w'^ u'^' *ai ewion of 
or prosthesis. 70 are delive/ed to1£.^Sd"o<ISS SSS^sCLSv^ " ''^ 
within the body passageway 80. whereat itisde^w 45 ^SK^SrSta^^'T^^^"'""^- 
expand the lumen 81 of body passageway 80 via intralu- h^^^^^M^^ ^ ^ » 

minal graft 70. or where it is d^SwTimplam p^t «S j^lSTl!? " ^ 
sis 70. Fluoroscopy. ««,/or other conSSKS: S3 S^Tto^ySJSv^ -^'^ 
njques may be otilixed to insai« that the catheter 83 and and nawtiZ^ht^J.^^^^J^\ °" ^ 
graft, or prosthesis. 70 are delivered to the desired 50 SfnS^?SS^^J^°*^'' ^ **"'^» 
don within the Ijody pamgeway. Prosd^T^^S. 2 ST^tS^ X a'S^""*'^^'*^ 

70 |s then controUably expuided and defoimed by^- paaSeSSy^SiS^thf liSl^^fLl. ""^ 

^^''^•ir^ itJ"^ "STut^'it^ssdtfofTST"'^'''*^'^-"*"'"*^ 
T^^'J^Sl^il^^^^^i itTcnly nccess^y to inflate angioplasty 

catheter 83 Cbe a :S:2^^SJSs?SSLi ^ SS^^ ^ ""^^ 
88. After the desired eipanaon and dSKonTf cn'^^^f^i^Z^T '^f '^^'^'^ 
prosthesis, or graft. 70 has been accomplished. «gi" 60 plZ^r^Sll! n^^'^f^*"J'^''«'«'>' 
plasty balloon 88 may be collapsed, or den«^«id^e ^XE*^:! .4 • P"?<^ "»»^ « the extent of 

catheter 83 may be Loved iST^vSS^er '^'^'^^ 

from body passageway 80. If desired, as seen in RG 3 KTS^ the balloon mflanon tune. Further, in 
catheter SsHa^g graft or pnSh^O of preserved endothelium should be 

thereon, may be inida5^cas.Sr^vlJ3^ 65 rf.^dolr'^""^*^ 

flon TM sheath 89. which is pnUed away bom nrosthe- S». n-T^ of the endothehua is exposed through 

"P"«>«1 slots 82 of graft 70 may result in a lapid. 
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refcr^ce now .o FIGS. S a=d 6. pro«h««. or T^L^ 
giafks.70ofthetypepirviouslydescrib«linc«niicaion that the ouio- circumf^iS suXl io «V 
with FIGS. lA and IB are shown, and the tubular mem- 5 monbeis lOO iSI iT^^^™ • r 
b« 71 of grafts, or prosth^es. 70 have a biologically ^a2^4 o^^fS otp^t^S^T^at R^^^^ 
mat or biologically compatible coating 90 plaeed-upon Still with referSce ShtsTtj 
wall turiaces 74 of tubular shaped memben 71. Exan^ bers lOOare onSfv^i^LTf; • ' ""^^"^ 
pies of. citable KologicaUy bat coating woS^ ti^> t^^^.^ o SSt^^d^^ ''"f^.'' 
pprouspolyurethane. Teflon TM.orotherdnveational 10 sr>fts.lT^^^yofJS^^tt^^^ 
biologically inert plastic materials. The coatiae 90 ul^kme^v^^ J^ i^^^ 
Should be thin ^ highly elastic so as no, SS« ^lilJ^I^ r^Ss'c^o^^^h'^r 
wnh the desired eipansion and defonnatian of prosthe- outer ySl suife«^M of U>e S^^fS^ V" 
ss. or grafl. 70. Coating 90 may be further provided 71. or^^S^ or ^ u TTJI" 

wnh a tseans for anchoring 91 (FIG. 6) the wbular IJ i»ot«5 thSouSSU or^SSS^^O' ^ ^ 
member 71 to the Body passageway 80. Anchoring as including tto^^Sror n,^J^ w n ^v^f"*'"* 
means 91 may be comprised of a plurality'of ladiaDy: neoS to OM^oSTt^.^^^ '° ^"'^'y 
outwardlye«endingp,^ertoas92fam3^oa5e^ ^^oZ^nUl ^"""^ " 

mg90. AS see. in Ha«.ti«,«liany outwardly ex. Z^^^.?^ii^:ZT^t^^± 
todmrprojecnons 92 could compiise a plurality of 20 fle^^ly connected by «m»L?^^fS 7n?^^** ^ 
ndges 93^ or othg type, of r«li.l]y, outwardly extend- desired to formS^^oT^S^W 
mg projectmns. Further, it may be desirable to have a The ddiv«v »»< ^^i, 1 ' 
pluralityofopenings94for»edh.coa,ing90.«S^ h^c^^^^^^IfH^^'^'^'^'^' 
m FIG. 5. whereby the Ouid contained kbod^ ^ ITCS SlS "Z^^T"^ «>nn«:.ion 

way 80 can be in direct contact with the *lk»^^ 25 Ib£ SSShte nS,^li r " of theexpand- 

expanded. body passageway area. Eamples of ta^o^! S^S^^ti°;f^,'^''.''=f«l 
cally compatible coatings 90 would indude coatings shc^S^JSykMS^f^foJT^ "?^,™"." 
made of absorbable polymers such as those used w ^^^^^tX^^^rT sIdU u. the 
manufcture absorbable sarnies Such absorbable pol" ofe^'w * X^'^ f^^'^r 

meis mdude polyglycoides, polylacoides, and copoly. 30 mft. or proth^? ^ ^.^k!^, °^ "^^"^ °^ 
mers thereof. Such absorbable polyn«; coddalso ^7^0^.^^ " .u^"""- 

contain various types of drugs. wh«S^ the c«S deformation « the same as previously 

90 is absorbed, or dissolves, the drug would be slowlv With r-f.r— ^. ... in/- « It. 
released into the body passagew^ ^ JjTn^^ r °- ^ « iUus- 

Tuniing now to FIGsT-flcTS^ apaadable iatral- 3S SSS.^ to ^^°f " '^^S 
minal vascular graft, or pr«ti«is.T^rsS,^or S^80 aJ? whhin dhe body pas- 

implantation in curved body pj^ways 80 or for use f^^,h«^« P™**^"- 7» « ««spoKd 

in elongated sections of b<ilV«^^yYwh^a ^o?.^ '^"«^ P*^' 

prosthesis, or gn^ft. 70' is rcqX^f^L^^::'^* ^S^'JS^^^ '^-^^ " ^5^"^ 
the grafts, or prostheses. 7olf FIG. lA. Identiil refa° 40 SbS^f^«,W^^ i, '^„"'l!'°- '* 
ence numerals are used throughout FIGS %10 for aT^S ^^!^ ^ !f = 
elements which are the same todeaii, wnsL^ctiol ^^-^^ I ' disposidoa of flexible 

and operation, as those previously d^b^to^« "'"^ """^ 

t«n ,^nOS. lA^S.L«rSLf^ce"n^" JTis'ite ^^^^^ g^^^^SSf '^l""^'^ 
are used for elements which are similar in constn^tion. « ie"oSSJS1^'51^^Tr^ 
design, and operatwD, as those previously described in hm MJL^!!Z.Jr I prosUiesis. 70*, so as to 

connection wTfIGS. lA-6. ^"^'^^ "^'^ '» Sl^l J?.!fST " 

As seen in FIG. 7. graft, or prosd«is. 70' aenerallv M^h. As seen m FIG. 9. as graft, or prosthe- 
includes a plurality ofSsthS^^SiS TO^e^ JSft^*"' ^raaOzt^ about the longimdmal axis 
scribed previously in connecttenwid, FIOS IB SO faL^T;. «J«cmg between tabular members 71 

andriWerably.Aelengthrf^rSi^oJt^ «^riM^'*^K'^"'^'''J"'^*^'°''^«^«' 

70 is approximately the llagth ^wif^ot Z^'^l '^.f or is com- 

the length of each graft 70 codT£ Lpp^^^' spW "^^t 1 ^ J^^,^^'*' 

equal to the length of two slots 82. as iUust^ted in FIO wSTtide of^T^riS^^v. ^^J*^' 

lA. Disposed between adjacent tubular membe«. 71 o 33 t^^^ r^J^,^ ^ '"^""y 

adjacent grafts. orpros.hises.70.batleastoSrLli«: ^SlJe sp^w^LS^l^loT^^* "^^^ 

tor m«nbcr 100 .0 fle^bly com.ec, adjacent tubular ' ^er^L^Se^S^HS* 

members U or grafts, or prostheses. 70. Connector press to permit ^ac^J^m t^J^ & 

member, or members. 100 are preferably formed of the S!hn^,r-,^^!L^ " ™ spioag between 

configuration of connector member, or members. lOa Tiuimii? now tn Pir tn u • - 

along the longitudinal axis of gn«fu or prosth^70-^ 63 illiS " d^ " ^JT'^T' ^ ^ 

the same, in that connector member, or members, 100 SS^^m^^^^^T^TL"^'ST^°:::i 

have the same uniform wall thickness of elQneate mem- ^nhn„i7r, k-^Z7 ■ .' ^ " ^' """'^ 

ben 75. Of couis. it should be readily aJ^^.Te T^T^^^i^^fr^^^^Zr^^i 
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unplanuooD and ezpanaon wouJd be pennined by the 9. TTie method of claim 1. wherein » thin u„ivw 

co«a«or moBben 100. I. ihould a]» be noted that tubular member is utilized u «ch p^^^lTtllf " 

pnntha^ or ^.s. 70 could be flexibly cotmeoed to lar member having , plurali^f S^'.^^^^' 

one another to fonnt graft or prosthc^. 70' wherein the slots being deposed sobstaatuS pSl w 

such grafts, or prtMheses. 70 an fonned as ^wi^e mesh S longitudinal asis of the tubular member 

tnbes of the type illustrated in AppUcanfs co-pending 10. Tlie method of claim 9. wherdn laBulnn, i. 

apphcation. Ser. Na 06/796.009. lUed Nov. 7. 1985. Bzed for the tabular m^ " 

aintfed, "EjP-^lc Intxaluminal Graft, and Method U. The method of ckiim'9. wherein the slots are 

«ui Appaiams far Implanang an Expandable Intralu- miiformly and drcamferentiany spaced from ad.^ 
SnSSlT'^ •""'^ " incorporated by » slots and the slots are uniformly S fi^ 

,»«..>. • • • .• the longitudinal axis of each tubular mem- 

JlV^^J^^^.^^^y^t^onanotbmaai ber. whereby at least one elongate member Tfo^d 

to the exact detiils of coastmction. operation, exact between adjacent slots. »"joer is lonned 

materials^embodimeais shown and described, as 12. The method of claim 11. wherein the thin-walled 

4«&re»be hmted only by the scope of the ap- 13 TTte method of claim 9. wherein each thin-w^ 
W«i is claimed is: "u"^?^ • 

wrthm a body i»»geway compnsiag the steps of: imenial diameterTthe body paaa^^ whlSv 

thsposmg at least one connector member between e«d, expanded thin-walled^X^S^ 
SS^'^tro^ ''""■^'^ migrate tan the desired locSHi^^rbJ^ Z 

±!^^JZ!^^' . . 25 «««w.y«>d the expansion of each thiD-wan^b^ 

drosAe plarahty of comM«ed prostheses upon ^ member does not cause a rupture of the bodypl^^ 

mw^g the prosthesB and catheter within the body 14.n>e method of claim 13. wherein each thin-walled 

^«>«y by catheteruanon of said body pas- «*„lar member is uniformly.' oS^7^^.^d 

Mscwaj; ™ deformed along its length. 

'^^^SSfTTi^iT!^ ofat ta«oneofthe " IS. The method of cbin 9. including the step of di»- 

^^vbv ^"^^ P«iagtheatleastoaeconnectormemtercoplSa?vS 

"^"^ member and non-parallel to SK^j^ 

asoaated wnh the prostheses to force at least one nal axis of the tubular membersT^ longitudi- 

^rfu'^w outwardly into contact 35 16. Tlie method.of claim 9. indudine the steo of fom 

^eatSi'r^XJL'^Jtf T"**'^"" «gthe.tlea«onecom«t;r^3«a^"-S^" 
of2:2^.°SSr^„S'o?S^I^:^ ^ number, coplanar With adj««t tubular mem- 

SSf I^^"*"' ""^"^ "^"^ «p«.ding the lumen of a body 

i Th/mZ»h^ Vfvil^ , r • . J « passageway comprising the steps of: 

uie prostheses, and lemovmg the catheter from the tween adiacent mftt ^p^xa oc 

body passaizeway. • ^ j^uu, 

3. TbTSthci of claim 1. indnding the stets of- .SL^*^ "T**"^ iatralmainal 

allel relanonship with reflect to the longitudinal aiiof whe^hZ7\^l^!^^^ ^ e^»anded. 

adjacent prostheses. ««i««wu™ ans 01 whereby the mtralummal grafts prevent the body 

<.TT.emethodofclaiml.iacludingthe.tepof nifli2. " ^ofT/^H^Sfl"'^* '^a ^'^J'^'^ 
mg a w^ mesh tube ««ch prosthL. tTJLe'^ ^"r^^T^^y'"' ""^"^ 

wShSt/th^mK'n^"*^ «° « The method of SvZ^uiing the step of 

7 The m«Md of ri.i™7*^^ l-ajgeway. pmDel relationship with respect to the longitudinal axis 

7.Themethodofclaffli<.mclndmgthe$tepofdis. of the intraluminal grafts. aiaxis 

T"^' "P"^ '^'^ of including the step of- 

rJi^-^^t-^-^---^^ pr^wSSSts'.^tuK?rt2;^s 

the body passageway at the desired location. 
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20. The method of claim 15, including the step of 
disposing the at least one connector member copiaaar 
with each wire mesh tube and non-parallel to the longi- 
tudinal axis of the wire mesh rubes. 

2L Tlie method of claim IS. wherexo tantalum is 
utilized for the wire mesh tube. 

21 The m etho d of claim 17, wherein a thin-walled 
tubular member is utilized as each intraluminal graft, 
each tubular member having a plurality of slots formed 
ther ri n , the slots being dispcoed substantially parallel to 
the longitudinal axis of the tubular manbers. 

,23. The m e t hod of claim 22, iscluding the step of 
disposing the at least one connector "?npbrr coplanar 
with each tubular member and non-parallel to the longi- 
tudinal axis of the tubular membcxs. 
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24, Tl« medjod of daim 22. incl«li.g the step of « the ^^SsTT^^f^SLt 
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formmg the at least one connector tnember as a thin- 
waDed spiral member, coplanar with adjacent tubular 
members. 

. 25. An expandable intraluminal vascular graft, com- 
prising: 

a plurality of thin-waOed tubular manbers, each hav- 
ing first and sec o nd ends and a wall surface dis- 
posed between the first and second '■"^y, the wall 
surface having a substantially uniform thickness 
and a plurality of slots formed therein, the slots 25 
being disposed substantially parallel to the longitu- 
dinal axis of each tubular 
at least one connector member being disposed be- 
tween adjacent tubular members to flexibly con- 
nect adjacent tubular members; 
each tubular member having a first diameter which 
permits intraluminal delivery of the tubular mem- 
bers into a body passageway having a lumen; and 
the tubular members having a second, expanded and 
deformed diameter, upon the ^plication from the 
mterior of the tubular members of a radially, out- 
wardly extending force, which second diameter is 
variable and dependent upon the amount of force 
applied to the tubular members, whereby the tubu- 
lar members may be expanded, and deformed to 
expand the lumen of the body passageway. 
2d. The expandable intraluminal graft of claim 25 
wherein at least one connector member b disposed in a 
non-parallel relationship with rcspea to the longitudi- 
nal axis of the tubular members. - 

27. The expandable intraluminal graft of claim 25 
wherem the at least one conncaor member is disposed 
coplanar with each ftibular member and non-paralld to 
the longinidinal axis of the tubular members. 

28. The expandable intraluminal graft of claim 25 
wherem the at least one oonneaor member is a thin- 
walled, spiral member, coplanar with adjacent tubular 
members. 

29. An expandable prosthesis for a body passageway, 
comprising: 

a plurality of thin-waUed tubular members, each hav- 
ing first and second ends and a waD surface dis- 
posed between the first and second ends, the wall 
surface having a substantially uniform thickness 
and a plurality of slots formed therein, the slots 
being disposed substantially parallel to the longitu 
dmal axis of each tubular member; 

at least one connector member being disposed be- 
tween adjacent mbular memben to flexibly con- 
nect adjacent tubular members; 

each tubular member having a fist diameter which 



mtenor of the tubular members, of a radially, out- 
wardJy extending force, which second diameter is 
vanabJe and dependent upon the amount of forcr 
apphed to the tubular member, whereby the tubu- 
lar member may be expanded and deformed to 
expand the lumen of the body passageway. 

30. The expandable prosthesis of claim 29, wherein at 
least one connector member is dispoitd in a non-parallel 
relatjonship with respect to the longitudinal axis of the 
tubular m em b ers 

31. The expandable prosthesis of claim 29, wherein 
the at least one connector member is disposed coplana.- 
wtth each tubular member and noa-paiaUel to the lonei- 
tndmal axis of the tubular members. 

^^TTw J^««iable prosthesis of claim 29. wherein 
I—-* . ^ thio-waUed, 



60 



bcrs mto a body passageway having a lumen; and 
the tubular members having a second, expanded and 
deformed diameter, upon the applicadon from the 



^iral member, coplanar with adjacent mbular mem- 
bers. 

33. An a^»aratus for intxaluminally rcinforcine a 
body passageway, comprising: 
a plurality of expandable and dcformable, thin-waUed 
tubular prostheses, each prosthesis having first and 
second ends, and a wall surfece disposed between 
the first and second ends, the wall surface having a 
plurality of slots formed therein, the slots being 
disposed substantiany parallel to the longitudinal 
axes of the prostheses, at least one connector mem- 
ber being disposed between adjacent tubular mem- 
bers to flexibly connect adjacent mbular members; 
and ^ 
a catheter, having an expandable, inflatable portion 
assoaaicd therewith and including means for 
mounting and retaining the expandable, thin- 
walled tubular prostheses on the expandable, infUt- 
able portion, 

whereby upon inflation of the expandable, inflatable 
portion of the catheter, tije prostheses are expanded and 
deformed radially outwardly into contact with the body 
passageway. 

34. The apparatus of claim 33, wherein the mounting 
and retaining means comprises retainer ring members 

^ disposed on the catheter adjacent the expandable, inflat- 
able portion and adjacent the ends of the expandable 
tuhular prostheses^ ' 

35. An ^jparatus for expamling the hnnen of a body 
pasageway comprising: 

a plurality of expandable and dcformable thin-waUed 
mtraluminal vascular grafts, each graft having first 
and second ends, and a wall surface disposed be- 
tween the first and second ends, the wall surface 
having a plurality of slots (omed therein, the slots 
being disposed substantially paraDel to the longitu- 
dinal axes of the grafh, alkast one connector mem- 
ber being disposed between adjacent tubular mem- 
bers to flexibly connect adjacent tubular members- 

a catheter, having an expandable, inflatable portion 
associated therewith and including means for 
mounting and retaining the expandable, dcform- 
able intrahmiinal vascular grafts on the expandable, 
inflatable portioii, 
wbo-cby upon inflation of the expandable, inflatable 
portion of the catheter, the intraluminal vasctUar grafts 
are expanded and deformed radiaDy outwardly into 
contact with the body passageway. 

36. The apparatus of claim 35, wherein the mounting 
and retaining means comprises retainer ring members 



45 



50 



35 



permits intrahiminal deliverv of thTtohuTftr m^ZI « ^ reiammg means comprises retainer ring member 
bers into a body passaSw^lJvS: ^l^J"^ " ^^s^ on 



able ponion and adjacent the ends of the expandable 
tntralufflinal vascular grafts. 
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posed substaatiaDy paraDel to the longitudinal axis of 
tbe tnbular members. 
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EXPANDABLEINIlULI^MINALCRAFr SS^^ffi ^S^?!^..! 

Tto appKcatioa is . division of .ppKction Scr. No. S Z^m^^^/a^fy^r^±^ 
07/233.115. filed Oct 4. 1988 now abandoned. 5 h«ea ^th S^^i^'S^.^S^^'Sc^S 

1. Rdd of the Invention ttejetaiyely incompressiUe plaqne remaias onaltered, 

lUe invention teUte, to u ewlahle intnUmnina] ""^^ ?f 

gnftferiBewWrin. body passageway or dwtBut SS«»i.K^toS?oJT^l^,^J!3T ^ 
more partienbriy. equdaUe furalnmini] vasenlar 10 SKShwiS^fa^i^iS!!,"^'^*' 
giite which are ptiticnlailyttseftil for repairing Wood otbamii^^^th^S^^r^^T^^''^ 
>«eb«««wrforo«3ndedlvdise.s^S[^^ faS^^S^^^t^^^^^TZ 
j^^tns for nnplantmg expandable intralmmnal i«iyu^^ 

w Mock the lumen. Typically, 
2.Desci^itumof thePriorAn " *'*'««™g "*«»h«>nul pressnre within the body pas- 

lamtemnaleodov^^ S^TC^SSS^^ SS'o^ 
wated by erottntalkm to present a possible altenia- di« is not^ti^b J^T^^'^J*" 

tive to onn^entfoni] vasciilar swgeiy. Innrinminal en- fatin«. tt« iSS ^ Wd dSSf in^ .ST^ 
dovwnbrgraftingfavolvestheperananeonsinsertion 20 ^^ixl^^h^^^J^^IZ^^ ^ 

i|«o a Mood v«^ a tnbnlar prosthetic graft and its S ^ Sto^^ 

d«divery via a catheter to the desired tocadm within the ctesTS- AeiS.^^^!!!^' 0^ 

ve&tional vasculsr surgery mchide obviaiinff the need Ahhonah th# Jn«^^l_^ . 

hnninal vasenlar gialbhkvrinSSiSl^j^^ ^^J^^^iS? *^ "«P W«>«k the 

stedspringsjhefi^jy^nnd^SS^SiSS STS.^^^inSr^'^^' 
6«„«p«toleheat-,enaWveS^.and«SSS 30 btoS^^a^S^S^ftT^?;*'''??".*' 
ingstahtessieelstent.fonaedof«aintessteeI^fa «Sot^SSi2jtS^S^^l^»22!.'^*~ 
a dg-zag pattern In geneni tbe faiecabg sractins w^mL-A^S!??'^*^''*^***'!**"**- 
have one o^Jbr disadv«>t.ge in SSteS KTw.^'S EfT'ZifSV''^''*'' 

these stnctnres most be ddh^ered to the de^ toc^ Srim wSS«L?>.^^ °^ ' 
tion within^, given bo^y p«s.geway faTSaS 35 a^'T^f SSSy SSl'^rir* ^ 
state, in order to pass through the body oaaaeewiv ««v^-™Al^4r^'^' S"?." ™ 

tennmed by the spring const«tt and nwdnhis of dbBtio. 40 becwBe 

ityoftheparticalarn»lerialitfili«dton«aanfact«e^ S^)««£tS^.ffi^L2f~* ■™» 
coiled spring ftrnctme Ttoe aaaK fcrton^aa! SS^T^ttS.lSi^^!!?'^.'^ 
nmetheamoentofeapenrionof^^^^ SSSS tfS^^Jfd?^ ""^i::?"' 
fanned of stafaiksssted wire innzig.zngntaa. In tl» ^oS^Z^^ JS^^^^'^^'^^ 
case of fatxahmanal grafts, or pre^iSrfof^ 43 ^^flffSS^^ 5?^ *««»*J»y «- 

he-.easitivein.teri.J^eiSS^^.'Sj S^sSjLiS'S^^.'^"^, 
«noantofe.p«aonislik«i^;SSn>SS^ S^^^SSlS.'^L'^^ 

are^-uSSf iSJJSK^ » ^S^IT^'^S 
s.gew.y,«Kh«wilhfaan«teryorvSu^tt£Sd SftS^'fSfv.S!,'*^'^"*''*" 
sia of the giaft cannot be cliii4ed.ffSedi^torf ^I?^ 
thedesiredbodypasiagcw^bSSwnSLKdtt toSX^^SJlS^S fc*?" ^ 

theinteriyBrito eofthebodyp«Mgew.y.«>atete KSnffiI?e£,tevS^'^'^ 

secnred ihereta It any then olgiate away from the enStHrtSTrnMS^SSTilS^ 

desiredlwatioBwithhithebody|Sngewqf.^e»^ P***"^ 

a. overri«d graft might e^teSS^eSS S^SS^Sf^-!!!^!?""''"'^ 
thespjtagfo«e,ore,p««ionfbrce,e«ertedbythe»S «o Si^^SS^SSASJ^S^?^ 

nponthebodypassagewayeonldcanseinptSngoftt* wfiSTdSTtJSffif ^"T?" 

body passageway. FWher, the eoaitaat twUnfly of these 

relating force eurtednpoa the interior sorlaee of the Fbr repsirinn blood vetrf. ...... 

body passageway can canse erosion of the tnteraalsnr- di^ w ^ST^ " "^"^ 

lace, or intima.ofthe artery or body passageway « fa^rfSLSST^ ^ PMagewayi, the 

J>^ahen»tivelo^tio.i^r2^ " SSto^^^^SSKST^ » 

has been peraaaneooshaltooa dilation of elastic v^ at^^^^oL^^^f^'*^.^'^^ 

..r stenoses, or bh^Uge. through use of a ^^t'^Stl'SlKyf^l^r^ 
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throBgb whid, the graft is passed by the catheter. In gate bar member. copW with adjacent tubular mem- 
other words, m many mstances. it is necessary to snp- bers. An additional feature of the in!Z " 

f^1*^oT^^^^^yV»^^yty^ thatafirst«»neSrmS^'H^y^,S^S~ee^ 
p^wtom the leagU. of the reqn«oJ gnft exceeds the second end of a first tubular 5S 

Dcsd so IS to negotiate the corves and bends present lar member the fi«t snH m^^^i , 

^ y.!^^^? risid «m resist bending with 10 thelongilndini axb ofSS*uffmS.K^^ 
respect to thar tongtBdnal aie^ "Hje expandable intraluminal vascnlar graft of the 

, Aecordmgly. pporlo the devetopment of the present -present invention, when comp«SlSh*ZJ?;^v 

^ liBbea. no opwdaWe iatralumind preposed prteiS intnduSSsTS 
vascuhrgraft foreipand histheh menofabodypa.. oi: pJevoiting recurrence o^£»S 

agn«y,whK4: prevail i«B^ of steno^ IS topenait^lanSuofS^incrtto?SdySSS 
'^^'™r^^^"^*"°^>«*yP~- ^»«««drLintheleft1^c^SSi«ST^ 
sagewaq^ such as the left main coronary artery of a hmt:preveBterecoaofthebodypWt^S^^r^l^ 
pa&arthem^prevenbrecoflofthebodypasa «»ioiofthebody p^SSjto^^S^ 

wan; dlowa the mtrafanhmal graft to be expanded to a permits expansion of^i^i, a v^uS.fi*^ 
v«»We «e to p«v«, mip«ion of the graft aw^ 2b ST^^SoS StoL bS^^J^??^ 
from the desired locatmn and prevents nmtniing and. mitstjMneofanel£«Bitf«l««^^ Af.CS?* ^'^^ 
'"r^:!^,^ pyagwaT byX^Snded «o be^22 S?^?SSrg2i^S^,S^r^ 

?SSSL^£SSgy"1SSS?a 2, ST" '-^"^'^ " «^ 

and cavves in the viscnlar system, llierefoxc; the irt has 

fiongbt an ezpandahleintmhmunal vasodar graft whidi: BRIEF DESCRIPTION OF THE DRAWINGS 

prevents recttriwce of stenoses in the body passage. In the drawings: 

way;BbdtevedtobeahletobemiluedittcxiticaIbodv FIG iAi«ftmU«#i^^^«.«r ^ . 

way to prevent migration of the graft away frwadie HajB^ioaraS^vifj!??^ . 

sion of fte body pusagew^ by the expanded graft; 35 disposed within a body ftSgewav 

pgmrts tone of anetoyted section ofabodypsssage. PIO. 2 k a crossiS!^ of the 

««y to be snpporlri IV « elongated graft: arf pro. taken along line l^^^iS^ ^^ ''^^'^ 

vulesttenecessaiyfleiihiteytonegotiatethebeadsand HG. 3 h a cross^secti^^dew of an «m»iit« for 
curves m the vascular system. h.«..i._s-_ii. _ri 7"™' *ww oi an apparatus for 

q»Mn. mtialmpmaUy r^orcQg a body passageway, or for 

SUMMARY OF THE INVENTION *' "^*«*«n8*el>na« of "body passageway, fflnstiatmg 

ln«x»rdan«j^ften^ '^^S^^^^^tT^ ^ ^ 

^^!^,!!f^^,''^^^^''^°f''^ no. 4 is a crosHKCtio«al view of the 

T!^°'''^^L:S^.S^J^ J»tnduma«ll,^SSTbS wStSS^J^ 

dudesa|dnralhyofthfat-wanedtnbiilarmembea,each 43 exaandiiiff tl» WwT^ iL!^ P^sageway, or for 
having fiM and Mcond ends and anMfflsm^S^ ggy ™8 « » body passageway, with the 

bei;;^- the^SrSS^i?SSl1SS Sf^"«''«^»'^«»fi«-«io«»«^ 

tiaDy p«allel to the lm,,it,«fi«rai?SS » ^? Jffi?S^i?* " 
member; a smgk cmmector member being disposed FIO. 7 la a oem^w xAmmi «r v.^. 
between adjacent tabular membcn IS iSr corned of7H^«.S^!^!L^ 

iSr^?2£L^£SS^L'!:jS!L^^^ n0.8i.apenpectiveviewofthegraftofH0 7 

larmemberhavingafirstdiamelerSSmteS wtt£ i^faS^w "* flf^^ 
passageway having a nanen; and the tnbnlar memben faaUmnt. o« thm r nnt :« s. iTl «* m»w cm- 

°^J5!f*9''^.^"**^**'*«»»»^ i„chukdwknthe.piAiS«3rrfSfa 
niOTbersrf a ratfially outjwidly extCKling 1^ defined by the appeSdST^ ^ ^ " 
which second dbmeter a variable and d^endent upon -f»~««w«iB». 
the amount of fonx to the tabular member^ DETAILED DESCRIFIION OF THE 

whereby the tubular memben may be expanded and CS INVENTION 
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the teiiiu "opaadMe intTalttmiaa] vascular graft" and slots 82 are disposed snbstantially parallel to the longihi- 
"expandable prosthesis'* are interchaogeably used to dmalaxisofibetubularinember71.AsseeninFIG.lA, 
some extent la describing the present invention, insofar the slots 82 are preferably nnifonnly and circumferen^ 
as the methods, apparatus, and structures of the present tially spaced from adjacent ilou 82. as by connecting 
invention may be udllxed sot only in connection with 3 membcis 77, which connecting members 77 preferably 
an ezpandable intrahmiinal vaseolar graft for expanding have a lengdi equal to the width of slots 82, as seen in 
partiaDy occhded segments of a Uood vessel, or body FIG. lA, Stots 82 are fiirtfaer uniformly spaced from 
passageway, bat may also be utilized for many other afljacent slots 82 along the longitudinal axis of the tabu- 
pnposa as an expandable prosthesis for many other lar member 71, which wacing is ptefenbhr equal to the 
types of bojbr passageways. For atanple. e:q>andable 10 width of connecting members 77. Thus, d>rformation 
prosthesa 70 may also be used for «nch purposes as: (I) of dots 82 results in ax least one elongate member 75 
supportive graft pheemeat witUn blocked arteries being formed between adjacent slots aTdotigste mem- 
opened by transhmunal recanalization, but whidi are ber 7S extending between the first and second end& 72. 
likdy to odlxpse in the absence of an mtenal support; 73 of tubular member 71. as seen in FIG lA. 

(2) ifaidlarnseMowingcatheterpassagethroughmedi- 13 StiD with reference to FIG. lA, each slot wffl have 
i^nalandoto veins occfaided by inoperaUe cancer^ ^ with a comiecting member 77 

(3) remforeemeniofcailteter created intrahepatic com- disposed at die first and aecond ends of slots SXFtefera- 
mu nta i t ioiw between portal- and hqtatic veha in p»- bly. the first and second ends of each slot 82 are dis- 
tientssuffeimg from portal hypertension; (4) siyportive posed intermediate the first and second ends of adjacent 
graft placement of nanowiqg of the est^thagns, the 20 slots 82 along the longitudinal axis of die tubular mem- 
""^"^ ?" oretiira; and (S) nppordve ber 7L Thus, connecting members 77, which are dis- 
grafi remforeemeat of reopened and previonsly ob- posed at the fiist and aecond ends of each slot 8X and 
^^d bile ducts. AocoRfangiy. use of Oe term >os. between elongate memben 73, wffl in tnm be disposed 
tbesB encompasses the fon^omg usages within vari- intenaediate the first and second ends of adjacent slots 
ons ta pes of body passageways and the use of the tenn 23 82 along the longitndiaal axis of the tabular membs 71 
'inMhm^ vascular graft" c nco nqaases ase fbr ex- Aecordin^, slott S2 are piefeiably onifbimly and' 
^djng ttehnnea of a body passageway. Farther, ia circamfeteatiaDy qtaced fiom adjaceat stots, and slots 
°" regMO, the tenn "body passageway* encompasses 82 adjacent to nn» — i^i^ .w, lffngii «'^t nBl '^^ f i-'f 
any duct withm the hmnan body, sadi as those previ- tubular member 71 are ia a stagaered teUtioashin with 
"^."^^J^l^L!:^ « any vda. artery, or blood 30 one another. Altemaifaig slott^xaed abottthe dr- 
vwjdwnhmdiehnmaavwmlar system. cnmfeience of tubular member 71 at both the iirst and 

StiDwittrrfereneetoF10S.lAamIlB.theexpaa^ «ecomI ends 7X73 of tabular member ^SwffloaThaw 
S^^Siv'IS^^Jf ^""^J^ ^ «lagtheqnaltoapproxhnatdyone.halfofthetogthof 
sboiratogeneraUycoi^nMajabidtf « complete slot 82. such half-slot 82 being bonnded by 

mg first second e^72, 73 and a waU surface 74 33 memben 7>i 79, at both the firn and smnul ends 72; TO 

''^ of tabular member 71, Although the graft, or ptosthesls. 
b^Mber71teafiistdiaineto,d,whleh.tobe 70of FIGS lA and IB k inSratJtoha.niS 

^'*nT^*Tll'l?^*^2f?^'^'*" •n«»»»««e'y «in^ to the length of two slots iS^ it 
mmaldebvayofdietia»htf member71mtoabody should be apparem that the lewtii of the graft 70 mild 
passageway 80 havmg a lumen 81 (FIG. ^ With refers « be made longer or shorter as desired. ^"""^ 
eneeto FIG.lB, 1>POO ^in>Iia^in^ the mterior The foregaing described oonstracdon of graft, or 
ofd^tutoutemein^^ Vtx«ib^npctnnafs»&.orpiua^TOih^a. 
^S^^^^^T^^^^'^^^ P«drfintfoiiiay, and outwardly, hi^troDedman- 
detaDtebitomembgnhasasMoad,t TpOT«1frt dtm iw ^ aer hiio the confignratioa riiowa in FIO. IB, npoa the 

of a saitaWeftacefiomtheiatSr^^ 
depadea^npoaOeamoaatoffoiee^^ hr member 71. as win be herelnaft«^ribrffa 

the^BlarmeateU . ^, . greaerdetaiLTTiecxpansioa of tnbabr member 71 faito 

!!°!^ ^..'y ^J^.^^ the configmalioa shown tana IB is ftnthermiifeim 

^^•^ yiyy^T^^i'^t'T? ""^r*^ ^ •l«agthelengthoftnbalarmember71,notonlyhe^ 
2:£?*L^"^J'^'*«'<*«~?»«»^" » of the taifoimqiacing between stolTaa, as liwS^ 
prostte*70maye«atooo^^ j^j^ribed, bat also becmise the tUctom ofttewS 

11 must ahotemadeofamatenal which hM the reqai. sailteeH or ti«e thickness of coaaeetiagntti^n 
site strength and elasticity characteristics to perent the ekmgate members TS; and meiS«mWfaSe^ 
tubular meadier 71 to be expanded aaddeftamed from uatfism thickness. As iDnstnted fa FIG. 
the cyfigunrtiBndwwaJa Pia lA to.the coafigara- 33 ihicknemT^^S^teS fa d^J'S^ 

foimed otmfiganmim w^te «la^ W, fa OhBtiated, whidi coafigmatioa fa rectaamlar. S 

matenato te thettmcati^ 

wodd mchde lOver. tuu^ stmdos steel, goU. tageompoaeatsofgraft,orp«STOco3di^ 

S'l^l.^^^J^JT^!^^*^'^ «W«ctaagnlar,oroth.r*^^2,io«uJ«^^ 
msite characteristics previondy described. •»»»■ As wiD be hereiaafter described in rfS^ 

Preferably, tabular member 7Hs hatidly a tUn- it is preferable tteAeOTte^Se7frf2^ 

I!^"1/.5^"'*^^"l'^.°^'^ I«»«ew«y80FlG.4..honh5be^SlSmo^ 
«»rfcce74oftubutomMb^ With reference to Ha IB, it faSeoSJ^Xuie 

wben tubular member 71 has the first di«neterd. the gnfl. or prosthesis 70; has be«expand3«d£S 
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mto the configuration of FIG. IB, the slots 82 will as- catheter 83 adiaeent th* • n ^wi 

nnne a substantiaDy hexagonal configuration when the 84 ^ZSr^^i^^rS^ ^^^1%!°^" 

tubular member 71 has the second, expanded diameter oosedTrii/«Z^, «:-1fL!i ^i^, J"? member 86 u dis- 

A' M » Kin iTt cllv V "f™"" "•amexcr, poseo adjacent each end 72, 73 of the expandable intra- 

d , as shown m FIG. IB. Sncb a hexagonal configura- huninal vascular araft. or nmcth*<» ^nTn - • 
tionwiUwsultwhenthealots82iiiitianyhaveasulstan- J 3t^J^J^.^^^^ 

tUay lectaDgohir configuratioii when L tnbrf^S IS^AS^Z^f^'^-^ ^'°™"* 

ber71ha,thefir«diam^d.iUust«tedinFIG.^ ^f^'^^Zr"^ ^^t^^}^^ 

should be noted that were the width of stots 82 to be away^ aSi«er^^L^ ^ upwardly and 

substantially reduced, whereby the length of S n^SSf -Kl" • 2 

lag memte 77 would approxiiateaSpSSS- 10 S£d"Sj^yl^ « to ^I^X'JLS^" 
section, the eqnnsian of sudi a tubular ^rnber 71 biboJ^^T^^^- 

woulditsulttoSottOassaming.eoaSnSS^ S^.SSlJlXn' "'''''^J?^ "'f^ 
wonldbesttbstantianyapaiSgraaM^tSh^ Wrf^3.SJi5",«f?*'^*°*'*^.''?^^^ 

ItshouldbeaoSltiL^SSKSSSSSSTl SHSiST^'^S^l?'^"^." 
«panded&omti»c«figuntionshowni^ ,5 SSl^S.^ffiif'To^SSLS'S;^ 

isr member 71 » tether "defonaed" to achieve that graft, or prostheds. 70 and^aihetef t-XLlfj 

«mfigur«ion. 5sr use of the term "drfonned" is meant a t^dySi^%W^l^i^l^^, 

that the materia] fnan which mft. nr fftmetitM»« tn w wJaTT^ ^ p«s»gcw8y su oy catbetenzation of the 

mffliStfjtmMfc fS^L? I»orthcsis» 70 IS body passageway 80 in a conventional manner. 

n>b«larmember7lA<«^ ^^tS^SSdJ^p^ ? ^I^JS^ 

to p«man«t^y bead dongate memben IS whereby expand the luSe^M^^bSypM^J^S^^^ 
segments of the doagale members 75 pivot about con- mSdgraft 7a or where ftfa^^ 

rt£-.j^hSiSiri^"2^ 30 '^ss^'^jp^/^^ 

g«terdetaD.inustthnsbesnfiSS!St?3?Si3 KJSSS^hSilX^^^'^^ T^S?" 

tubularmember71.bntalsotodefotmeloagaiem^ a^^TZdd^^^^^^^'^"^^.'*'* 

75. m the manner previously described. ~S^J^22r™^ "^^y* ontwanlly into 

portions of the donate membesTO«S±^^hoS^ f^^.'-^tte body passageway 80. as shown rnHG. 

^eads of coiJ^u^^^'^Z''l^ « tJ^J^^^ apaadable, inflatable portion of 

back- »»1 a^S^S^SStiiSo^Jin^ S^^r^'TT^ •^'^ 

lA. but lather retain the eon^Sm4«ofS TO wos2^ W .^T^ ddbnnation of 

iaOn«p.ft.orp«stheais.7!S£.":S«^^^ S^SoS SSly'L'S^Sirng^JSfir 
deformed into the conSguntian shown in FIG IB. e»a,lt^i^2^^^ ^^^^°'°°'^'^*^ 
graft, or prosthesis 7o7win serv^^™^ . i-X ^ "»«»ved In a conventional manner 

BioiH «• H'wuwuB wiu serve to prevent a body 40 aom body passasewav 80 If rferirMi m r^ ,, « Kin « 

passageway firom collapsing as win be hereinafter de- cathete B h^S^L^ 

scribed ia greater detail It diould be noStfitwto SSS^ ™l te^.S^..!!??**^ 70 disposed 
tubular member 71 has the fii«tdiamftod.riSo««^ f'y'* encased in a oonventioDal Tef- 

««idef'onnedintothe.ecS^«<SSSS?34S SS^Si^rrr7w?°"Pi^^"«^ 

FIG. IB, tabular member 71 dSTnot oSTS rtSl^?^ 

ward, radial force, ia that tidNiIar memtorTl k nrt. ? ''^^ » aad 4, It should be 

WW. itfenatx now toTO& 3 ..r^Srttns of SO iSdtSSS^fStS^,!^ 
thepraeBtiBveaiiQBwffllied(seriiMirfi.rJ^^^^? tnbalar member, 71 iato the 

ofthe.^favendoTb^SS'.SfteSS; t^Tor'^^^^S^i]^^^^ 
thetomenofabodypassageway.snchasanai^^ SSiMfe^^S^S^'"^^*'?'^ 
or blood vessd of tSta^lST^Sta « 35 ^T^t^^^T^ ^''^ 
dso BseftU to perform the pie^oSydSed™^ 

way> or ducts, as prevloaaly described SliDwhht^. »ivA»^lZj.IrZl5_r'^ 

encetonOSL3,K«^.SSSS£j^ 22S^^SSf^*'^J^»* 
cular gnft, or prosthesb. 70l of die tvne « * » Acoon&ngly, the opuded and de- 

««aeSS ST^M 2d U?b «»f»««^^r1^opl.sty 
momitednpoaac^heterMrcXtarCha^^? f^W.wfllBOt be able to migrate from the daired 

.bi^iaflK,:Sl«1k£5&£SS.S Ss:«'3^*i^'W2s;"^ 

ter 83 may iadude means for momiting«aJ,et«lnfag« SfSboSiSSlM^Si*?''*'*?*"^ 
the expandable intrahnamal vascular mft.^»S^ a ^^S^T.lSf^S^'^^''"^''*'^*^'''' 
sis. 70oatheeipaadaWe, inflatable pcSJ^,?^ " SS^S^^ ^I^LlK*-^ " 
ter 83. The moaatiag and retaininrmeans 8S 00^ ^ consistently 

comprise retdncr ring mem'^dispoJ'on^S ^^^.f^b^^^y STin'SS 5 SfS 
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q«rrf to irsBt radU cxdbpse of the body passageway in FIG. 5. whereby the Rod contamed in body passaze- 

8a TTius, erosum of the mtenor surface, or mtima. of way 80 can be in direct cootact with the (aatei or 

fte artery or tody pasageway is prevented. expanded, body passageway area. Examples of biolosi. 

Whffl It B deaial to use e^msdable intraluminal caUy compatible coatings 90 wouU inchide coatinn 
grrfl 70 to expand the lumen 81 of a body passageway $ made of absorbable polymeis such as those used to 

80 havmg nam of stenosis, the eqnnsion of intrahh manufacture ihsorbable sutures. Such absorbable oolv^ 

jmal vascoto paft 70 by angioplasty baOoon 88. al- mas include polyglycoides. pdylactides. and copolyl 

lowswntitlled«a^oftte«teao^ mas thereot Such absorhabte poly^loiKL 

aametmecontroUede^ansionanddefonnationofthe contain vaiions types of drnEs. wherdw as the enjit;«» 

ue body passageway 80 from coU^smg and decieasmg rdeased into the body passageway 80. 

the siaof thejwevfa^^ianded hniwi 81 Once TttniingnowtoF10S.7and8,tnex^andahleintnhi. 

agim. the second, aprnded darned' of mtialuminal ainal vascular gnfi. or prosthesis. Wfa^ownfer 

vtscnltr graft 70.1$ shown in no. 4, is variable and implantotion in curved bo^paSwaysSOor to ^ 

of bcx!yi»MBew«y8aThtis.theex^dablemtialn. a prosthesis or a gnft. 70* is leqSS^hicA iTlonffa- 

ITLf^2.*2S"**^'^y*°°''^''«^ »J»n«l«8«ft.orp«»the«.70rfnaiZld^S 

*»P*^'^^^fP;^^'eP>^7«i^it^^ »rfaencennme«ba«nsedthfDughoutnG&7and8 

!l5£2E^f^ '^S'cS nor win the espttsion of forelements which «e the s.i«iBd^ca««rt^ 
mtnhnnmnl ipaft 70 likeiy canse a rupture of body 20 and operation, as those previously deaSbrftaeS 

g!Ba^y8^i>ortnyeiiMonBsiinm ti«a v*h FIGS. lA^ and primed reference uumS 

Prther,ahonldannilmal flap. « fissure, be fonned fa areusedtoeleBentt wMchSShrfacon^ctiOT 

b«rfyp«sageway 80 at the location ofgraft 701 graft 70 design, and operation, as those ^^y^SSShl 

win fasnre that such in mtimal flap wiD not be able to coaneetion «^ lA^ previously oescnoed m 

. Ax^afaFIO.rgnA.erprosthesis.TO'generany 
andhtewAnni^ body passageway Sa In the sinatian mdndes a phunhty of prosthe^ oTgnfts. TO«de. 
of ntflWiig paft 70 ta the manner previously described scribed prtiriously in cS^^^Ws. iT 
to«pmd the tanen of a portion of a critical body -ulZE^TtLveenaSSSh^Sli^S 
passageway, such as the left mam coronaiyancry.it is or adjacent grafb. or MwthM^TlL feTl^^^lj 
h^tl«tthefathn.lfhq,win be „n.ble^ude 30 tor rSrW'to SJ^iit ijSSS 

ft«!nJ»»felA.- * •« . . ">«*«JW are preferrtlylbriDedofthe same material 

tJ^lI^^^^^'f^J^°^^ « m as previomly described, and 
°^^.^^<^'>^^fi'P*^'^^om^ memben 100 may be formal hitemllybet^Idb. 

!^J^"^^5fJi£^.'™^'^«^"^»^ ^ c«tg»ft»moriubnlarm««bc«SMSfaSo 
ortanertayerofthehtm>a.orimicrsnrfcceofthebody 7. The cross«ctional confi«orMii» ofe^«^«^ 

^^SSS^TSftS^SlS^'"^"^^'?^ «i».'0'.»«»ic«nie,inthatcomiectormSto»100h^ 
aproportiaialtothebaUoonfaflationthne.Fnrther,in the same uniform waDthicknesa of elonaatemenA«.« 
tteory^mnomt ofpresoved endotheKmn should be 40 am) thus fonn a ^S!a^^^S^in 

whichiscopluarwithM^SK^Ss^S 

potentially 80% of the endotbdhun b estposed thronKh caortt. it AhonM h» «*.««»u»I_Jrr 

5eop««gsoreipandeddot.82of5???KrS ^^^^^^S^Tc^^^^ 

^ssrs^^^'ix^r*^"*^ >» could ss^'SSfsss^ 

^ssswtoPiG^rr.m ^sTjSdij^^jsss 



— — — w» y« ifwm-w i» or or pmrrnriri, lu, ts teen m FIG. 7 
graft^TOafttetypcpit^^ Stffl with it&raice to HGS. k thmiM h* «m 

JSn^iiJrt'^^ * th.1^^ 8»ft. oTSi^J t^iS^ 

bm 71 rt" grafts, csrpiosttee^ 70 hive »H^^ inch«Iing three mfb. wwoS^ 
poTOT pd^m^aw^ra^ 

*• desired loform graSorSS^WhdSjy S 

SA.S«ft*^S2^ ^'^fSi^^L*'''^^ S^Weooldbe^ipnsdaiidyeqtaltotelafflihof 

outwj«^citen^pjpj«^ «^ 1~ b^S taS^.iS'.S?^ 

mg » A. «enfana ^ tte r«lidly outwardly ex- first tubular m^b^TOAl^ fcS^^" 

SSk^^.^!Sr""Mf^ 'Fjpndity of O ondtnbnlar member 70B.A.eSn^2^^ 

ndgesS^ or othw^ of radUny, outwardly oBend. 100 is then diwosed brtween the «e^S^«^,i^ 

og P^^ections. f^-J^Y be destraUe to have a .ecood tutaKSJ^TTO Stot^ 72 «?! 

piutauty or openmgsM formed meoatfaigM^ as shown third tnholar member 70C The first and second connec- 
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tor mesbben 10Q» as shown in FIGS 7 and 8, may be 
angularly offset Gnom one another with respect to the 
longitadinal axis of the tobolar members 70 to pennit 
the requisite Oexxbility between the Ty<tf r«^ nnfctfd 
grafts, or prostheses, 7a 

Tlie delivery and expansion of graft, or prostheds, TO* 
b the same as that previously described in connection 
with FIOS XA, Ifi, and 3-4. teagth of the expand- 
able, inflatable portion 84 <^ catheter 83 would be sized 



12 



the tubular members having a second, expanded and 
deformed diameter, upon the applicatioa from the 
mterior of the tubular members of a radially, out- 
wardly extending force, which second diameter is 
variable and dependent vpon the amount of force 
applied to the tubular members, whereby the tubu- 
lar members may be expanded and deformed to 
e^und the lumen of the body passageway. 
Z The e^dable intraluminal graft of claim t 



«---^*v o-r wt I -n i rici cT oj wouio 06 sixco ^ *uc cipuoaoic mtraiuminal graft of pfaitw r 
tooafiDnn with Ae length of the graft, or prosthes^ 10 whcrem the connector member is 4 thin-wtDed. doal 

7u. as should be retd9v anrmi>^l eaie hsr mmW^ -j: . . . 



Tir, as should be readSy igiparent to one of ordinary 
skin in the art. Exeqrt fior the length erf* the expandable; 
inflatable portion 8f catheter 83, dte method of deliv- 
ery of graft, or prosthesis, 70^ and its subsequent, con- 
tndlable ripamion and defcmnatiQn .are the same as 
previously descr&ed. As sees in FIO. 8, the prosthesis 
70* b iDustrBted in the confignratiQn it wonU assume 
when being delivend to the desired locatioi within the 

body passageway 80^ and the graft, or prosthesis, 70* u nicmoer, ine tntt and second ronncctor membe rf being 
di^Kssed i9on cath^ 83 and b passing through a ^ angularly dhet from one another and with respect to 
curved portion of body passagew^ 80; such as an arte- *^*onP*»<J«»l"«of the tubular members the^ 
rial bend. Because of the diqmitioa of flexible consec- cc mf^ . 

^ < Aa e xpandable prosthesb for a body passageway. 

campreingi 

23 a phirality of thm-walled tubular members, each hav- 

IZIff first ftnrl mmd l m t - .._tt » «• 



^ bar member, coplanar with adjacent tubular mem- 
beta. 

3. lite e^»ndable btraiuminal giaft of rlam, 
wherein a first connector inember b dbposed between 
o^* ^ tnbuhff member and the first 
end of a second tubular memben a second connector 
member b disposed between the second end of the sec^ 

e nd tubu lar member and the firtt end of a third tnbuhr 
Biember, the first and second connector i 
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tor memben 100 between atUacent tidmlar members 71, 
or grafts, or prostheses, 7^ graft, or prosthesb, 70* b 
able to flexibly besd, or articolate, wtth re^>ect to the 
l ongitudin a l axb of graft, or prosthesb, 70*. so as to be 
able to tt^odate the curves or bends found in body 
pasagcways 80. It diooid be noted that «wt,^fTtTTr 
members 100 permit the bendfaig, or articulatioo of 
adjacent tubular members 71 in any direction about the 
longitudinal axb engraft, or prosthesb, 70*. When graft, 
or prosthesis, 70* is in its expanded, aitd deformed cqd> 
figuration, tubular members 71 of graft, or prosthesis, 
70*. win assume the oonfignration shown in FIO. IB. 

It b to be understood that the mvendon b not to be 
Ihnited to the exact details of construction, <^>ention, 
exaa materials, or embodimaits shown and described, 
as obvious modifications and equivalents wQl be appar^ 
ent to one skilled m the art Acoordmgly, the invention in 

b therefore to be limited only by the scope of the ap- 
pended j^Imw 

I daim: 

L An expandable mtrahmunal vascular graft, com- 
prismg: 

a plurality of thm-waDed tubular memben^ each hav- 
ing first and second CDds and a waQ sor&ce dis- 
posed between the first and aeoood ends, the wall 
sortee havbig a snhsttntially uniftona »ttfa>»i>^ 

and a i^nralby <ir dots fianaed thereia, the slots 5a 
being disposed sidsstantially parallel to the longitu- 
dinal axb of each tubular raeadMT 
only one connector member being dbposed between 
adjacent tubular memben to flexxfaly onm*p^ 
^ tubular membeta» the oouMctor member 55 



togfirst and second ends and a wall surface db- 
posed between the first and secrad ends; the wall 
snrfece havmg a substantfaDy uniform tfaicknes 
md a phnality of slots fmned diereia, the slots 
bemg disposed substaataDy paraDel to the kmgitn- 
dmal axb of each tubular member; 
oidy one angle oonnector member' being dbposed 
between adjacent tubular members to flexibly con- 
nect adOTt tubular members, the connector 
mmber being disposed in a substantially parallel 
>w»»»hip with respect to the longrnu^ 

the tubular memben ami coplanar with each nibu- 
lar member; 

ea ch tu bular member having a fim diameter which 
permits intraluminal ddivery of the tububr mem- 
bersteto a body passageway having a hanea; and 

the tgbolar members having a second, eqanded *nd 
d^md diameter, upon die mpKcationfiom die 
mtetor of the tubular memben, of a ndally, out- 
wardly extendhxg force, which aecond iSameter b 

^a^^J^'i^'^'^!?"^ npon die amount of force 
wppotd to the tubular member, wbaeby the tubu- 
lar taober my be expanded and deformed to 

5. Tlie cipaadable prosthesb of claim 4, «iireia d» 
^ b a thhhwaOed, eicagate bar 



being dbposed b a snbatantbDy parallel rdadon- 
sfaip widi re^ to die loDgtafinal axb of die 
tubular members and cop iana r with esdi tubular 

*"S^JS^ ."^l?* • which « 

pemtomtahniBnal delivery of tte«nbnlar mem- ^h^i ..^ ttw^ftZlnrTrnTM ^ 
ba»mtt>abody|aBagew«y.h«ing.hmiai;i«J '™''^*^**'»^"f»^,«»«y»tecom«t 



ber. eoplaur with kyaoeat tabultr moBbm 

& Hie expuMOt prastheib oTcUm 4. wheieb a 
a« oomirtOT mtmber b di^xaed between the aeoood 
'"'^'fL"'^ fi« «» «*f ■ 

oqxaed between the aecond end of the aecood tnbnlar 
Mber am! the fim end of a ihfad tnbnlar member, the 
fint and lecoBd connector memben being angularly 



63 



DATE DUE 




Official Journal of the American Roentgen Ray Society 



Editor-in-Chief 

Editor Emeritus 
Associate Editor 
Consulting Editor 
Statistician 



American Journal of Roentgenology 

Diagnostic Imaging and Related Sciences 

Robert N. Berk, San Diego, California 
University of California, San Diego 
School of Medicine and Medicai Center 

Melvin M. Rgley. Seattle, Washington 

Saskia von Waldenburg Hilton, San Diego, California 

Juan M. Taveras, Boston, Massachusetts 

Charles C. Berry. San Diego, California 



John R. Amberg 
Itamar Aviad 
Lawrence W. Bassett 
Gregory P. BorkowskI 
William G. Bradley. Jr. 
Peter L Cooperberg 
N. Reed Dunnick 
David K. Edwards 
Ronald G. Evens 
David S. Feigin 
Paul J. Friedman 



Editorial Board 

William R. Hendee 
John R. Hesseiink 
Charies B. Higgins 
Melvyn T. Korobkin 
Thomas L. Lawson 
Bruce L. McCIennan 
Albert A. Moss 
Jeffrey H. Newhouse 
Dolores Pretorius 
Donald L. Resnick 
Stewart R. Reuter 



Charies A. Rohrmann, Jr. 
Peter M. Ronai 
Sjef H. J, Ruijs 
Carol M. Rumack 
Stuart S. Sagel 
David J. Sartoris 
Edward A. Sickles 
Barry A. Siege! 
David D. Stark 
Edward T. Stewart 
Eric vanSonnenberg 



Editorial Staff: Elizabeth A. Whaien. publications supervisor; Linda Wood, Barbara 
Rose. Barbara L. Halliburton, and Janine Anderson, manuscript editors: Nancy Rydbeck. 
office manager Sheri Smith, administrative assistant: Sandra L. Griffin, administrative 
secretary. 

Km. AMERICAN JOURNAL OP ROENTGENOLOGY (ISSN 0361 S03X) .9 (Tia offidaJ |Oumai oi tn» Amer«an Roentaen Ray 
Soowy. and <s pubtisned monthly by Wdfiams & WiJkins. 428 6. Preston St.. Baltimora. MO 21202. Annual dues induda $50 (or 
journal suoscnpticm Sacond<ias3 txasta^a pax] at Sauifnora. MO. and at additional maiiing offlcas. Postmaster, send address 
Jjangas (Fomi 3579) to AjR 428 E. Prasion St.. SaitimofB. MO 21202. Sufiscnpoon rates $100 ($135 foreignj: institutions $110 
J145 foreig^ tramtng $25 ($50 foreign); single copy $16 ($19 foreign). Japanesa rates induda airfregm. Japanesa yen pnca 
*^ Corporation. 13-12. Shtfitoasm \-Qvm. Minato-Ku. Tokyo 105. Japan, teieprtona 03- 

MK-6471. Aimwiirates fumisned on request, indexed Oy Currant Camenta and tnaex Mmsieut. Ccpyngnt © 1988 Oy Amanean 



Roentgen Ray Society, 



0381^X/88$2.00 



Al 



673 



Self-Expanding Endovascular 

Graft: An Experimental Study in Dogs 




Tetsuya Yoshioka'-^ 
Kenneth C. Wright' 
Sidney Wallace' 
David 0. Lawrence. Jr.'*^ 
Cesare Gianturco' 



Received March 7. 1988: accepted after revision 
May 4. 1988. 

TWs wortt was supported in part t>y me John S. 
Ounn Research Foundaitan and the Georue Alfred 
Cook Memonal Fund. 

' Owsion of Diagnostic imaginQ. Department of 
Diagnostic Radiology. Box 57. M. 0. Anderson 
Hospital and Tumor institute tt Houston. The U> 
versity of Texas System Cancer Canter. 1515 Ho*- 
oombe Blvd.. Houston, TX 77030. Address repnnt 
requests to K. C. Wright. 

'Present address: Department of Radiology. 
Nara Medical University. Nara 634. Japan. 

'Present address: Department of Radiology. 
Northwest Memonal Hospital. 1635 N. Loop West. 
Houston. TX 77008. 

AJB 151:673-678. October 198S 

0361-803X/68/1S14.0S73 

e American Roentgen flay Sooety 



An arteriai endovascular graft was constructed by wrapping an expandable nylon 
mesh around a framework of Gianturco self-expanding meUllic stents. The devices 
were passed through a 12-French Teflon catheter and positioned in the nonnal abdom- 
inal aorta of fWe dogs, two of which also had a device placed in an external iliac artery. 
At follow-up (1-6 months), all grafts remained patent, even though slight luminal 
narrowing due to neotntimal encasement was noted. Histologically, all grafts were 
covered by neointimai proliferation at the time of removal. The graft material expanded 
with the stents, resulting in a tight fit between the graft and the vessel walL Side 
branches narrowed but remained open because of the size of the nylon mesh. No 
migration of the grafts equipped with a barbed lead stent was noted. 

Expandable nylon mesh can be used as an endovascular graft material when wrapped 
around a framework of self-expanding stents. The resulting device can be easily 
delhrered via transcatheter techniques, and once placed in a vessel, the nylon acts as 
a support for neointimai encasement, which forms a new vascular lumen. 

Since Dotter first described cxDiled stainless steel wire stents in 1969 [1], many 
types of endovascular stents and grafts have been developed [2-9]. In recent 
years, several reports have been published on the experimental and ctinicai appli- 
cations of the self-expanding Gianturco stent [5. 8, 10-16]. Clinically, these stents 
have been found to effectively dilate stenoses and prevent recun-ence in the vena 
cava [13]. the tracheobronchial tree [12], and the biliary tract (Irving 0, unpublished 
data). 

We describe a new arterial endovascular graft constructed by wrapping an 
expandable nylon mesh (light-support panty hose) around the Gianturco stents. 
Preliminary results obtained in the normal aorta of five dogs and in the normal 
external iliac arteries of two of these dogs are reported. 

Materials and Methods 

The endovascular graft consisted of two pans; (1 ) a framework composed of three or four 
self-expanding stents and (2) an expandable nylon (88% nylon and 12% lyaa spandex) 
cylinder (Rg. i). The stents were constnjcted of 0-01 6-in. (0.4 mm) stainless-steel wire Gent 
in a zigzag configuration containing six bends at each end. The stents were constaicted in 
two sizes: (1) 2.5 cm in length and 2.3 cm in fully expanded diameter for the abdominal aorta 
and (2) 1.8 cm in length and 1.2 cm In fully expanded diameter for the external iliac artery. 
Three or four stents were connected in tandem by metallic struts constructed from the same 
wire. The first stent was the lead stent, which acted as an anchor for the graft. This stent 
was equipped with barbs when placed in the aorta only, and in all cases, it was not covered 
by the nylon. The material covered the other stents and was forced open when the device 
was released from the introducing catheter. 

The nylon cytinders were constnjcted in two sizes: (1) 1 .0 cm in diameter and 4.0 cm (three 
stents) or 6.0 cm (four stents) in length for the abdominal aorta and (2) 0.7 cm in diameter 
and 3.0 cm in length for the external iliac artery. The nylon mesh was wrapped around the 
outside of ail but the lead stent. The ends of the graft were attached to the framework with 
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Ftg. 1.— Photograph of an tn- 
dovascular stam graft. Oaviea 
consists of an axpandabla nyion 
cyfindtr supportsd by a rrama- 
worfc of salf-«xpandlng ttanta. 
Mots that ands of ny«on cyOndar 
ara attachad to supantjuctura 
arWi sutura matarfal paaaad 
through ayalats formad at wtra 
iMfida (anoirs). 



6-0 monofilament suture material passed through eyelets formed by 
placing a bead of silver solder across the bends of the stent (Fig. 1). 

The completed devices placed in the aorta were either 6 cm (three 
stents) or 1 1 cm (four stents) in length and 1 .2 cm in fully expanded 
diameter. Those placed in the iliac artery were 6.0 cm (three stents) 
in length and 0.9 cm in fully expanded diameter. Complete expansion 
of the stents was limited by the nylon mesh. 

Ftve aduit mongrel dogs (22-28 kg) were used In this study. After 
each dog was given a general anesthetic (sodium pentobarbital. 30 
"ig/kg). a 12-Ffench Teflon catheter was inserted through a femoral 
artehotomy. After systemic heparin (1 00 U/kg) was given, the catheter 
was advanced under fluoroscopic monitoring into the area of interest. 
The grafts, which were sterilized with ethylene oxide, were then 
passed through the 12-French Tefton catheter into the normal infra- 
renal abdominal aorta of five dogs and into the normal external ifiac 
aneries of two of the dogs by using the technique described previ- 
ously [5]. 

Angiography was performed before and immediately after stent 
placement to evaluate vascular anatomy and stent position. After 
placement, angiograms were obtained at monthly intervals and at the 
end of the foUowHjp period. No anticoagulants or antiplatelet agents 
were administered after graft placement: heparin was given during 
foUowHjp angiographic studies. 

The dogs were sacrificed by exsanguination under deep sodium- 
pentobarbital anesthesia after a follow-up of l month (one dog). 4 
months (two dogs). 5 months (one dog), and 6 months (one dog)! A 
complete necropsy was then pertomied. and the vessels containing 
the grafts were removed. In addition, if any portion of the device 
bridged a renal anery. the vessel and accompanying kidney were 
collected, aii specimens were examined grossly and microscopically. 

Results 

No difficulties were encountered in the placement of the 
nylon stent grafts. Patency was maintained in ail five aortic 



and in two iliac devices during the follow-op period. Stent 
grafts placed in the aorta did not migrate. One graft was too 
long and caused stenosis at the origin of the common internal 
iOac artery (Rg. 2). A graft in the right external iliac artery of 
one dog moved 5 mm craniaiJy during the first month after 
placement, and the common internal ifiac artery narrowed 
somewhat at its origin (Rg. 3). This graft did not have barts 
on the lead stent. 

Over the foOow-up period of 1-6- months, diffuse luminal 
narrowing (<2 mm) was noted angiographically over the entire 
length of the nylon material only; no luminal namjwing was 
noted in the region of the lead stent (Rgs. 2B and 38). Blood 
vessels bridged by the lead stent remained patent and 
showed no Indication of narrowing. Gradual narrowing of 
aortic side branches was observed at their origin where the 
nylon mesh was present. No extravasation or vascular per- 
foration was noted in any of the dogs. 

On postmortem examination, a thin, translucent covering 
was observed over the entire device (Rg. 4A). The nylon graft 
material conformed to the vessel wall, except in the proximal 
and the distal regions where the covering was thicker owing 
to a slight, longitudinal rippling of the material. This created 
small spaces between the nylon graft and the native vessel 
wall that were filled with proliferative tissue similar to that 
inside the lumen of the graft (Rg. 48). This resulted in a sfight 
reduction of the luminal diameter. No pleating was noted in 
the ifiac grafts, but the cellular proliferation was thicker than 




A B 

Fig. 2.— Abdominal aortograms of a dog witti a stent graft in aorta. 

4. Aonogratn obuinad cflimadtataly attar placement shows device oi- 
tandJng into extemaJ iOac trifurcatton. 

8, Aortogram obtained 6 montha later shows stenotia has occurred at 
origin ol iUac artenas bridged by device. However, all side branches 
covered by graft material have remained patent 
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X— Abdominal aonograms of a dog vwth stant grafts in aorta and 
rtght axtamal iliac artary. 

4, Aortogram obtainad tmmedjataly aftar placamanL 
a, Fctlow-up aortograni obtamad 4 months tator shows that davtca in 
^ "»»fl"»«d approjumataly S mm eraniaUy and that 

conwncn intwnai iUac haa narrowad somawhat at its origin (arrow). Again, 
ail sJda branchas brrdgad by graft matarial hava ramainad opan. 



that in the aortic grafts. NeointimaJ encasement was not found 
on the wires of the lead stent that bridged side branches, 
whereas a cellular covering occun-ed at the origin of branches 
crossed by the graft material. 

Renal arteries bridged by the lead stent showed no evi- 
dence of erosion, and no gross changes were seen in the 
kidneys supplied by the bridged arteries. 

Histologically, intimai proliferation completely covered the 
graft and stent wires, and a single layer of endothelium lined 
the luminal surface. The intimai proliferation occun^ both 
outside and inside the lumen of the nylon mesh. Side branches 
bridged by the graft material were nan^wed at the origin by 
this cellular proliferation, but they were never occluded. No 
inflammatory changes were found in either the vessel wall or 
the associated lymph nodes. Small hemosiderin deposits 
were found occasionally in the native intima compressed by 
stent wires. Slight rippling of the nylon mesh was noted 
occasionally in areas where the graft diameter was too large 
for the recipient vessel (Fig. 48). 

Discussion 

The nylon material used in the construction of ttxa endovas- 
cular stent graft described in this report exhibited two impor- 
tant characteristics: (1) elasticity and (2) loose-weave mesh. 
Because the nylon was elastic, a cylinder could be con- 
structed that was slightly smaller than the diameter of the 



reapient vessel. In this way, when the stent framework was 
allowed to expand, the material was stretched, thus creating 
a tight fit between the graft and the vessel wall. This prevented 
pleating of the material, created a single lumen through the 
area of interest, and reduced namowing caused by the neoin- 
tima covering the graft. Occasionai rippltr .vas noted in the 
aortic nylon grafts, but it was significantiy less severe than 
that reported by Lawrence et ai. (15). and could possibly 
have been prevented by making the graft cylinders smaller. 
In addition, the weave of the nylon material used in this study 
was relatively loose (Fig. 1). Because of this, blood was able 
to flow through the mesh into the side branches bridged by 
the material. In this way, blood flow in these arteries was 
compromised over a long period, allowing ample time for the 
formation of collateral vessels. Neointima was found on the 
nylon strands bridging the side branches, similar to that seen 
on the wires of the stents used by Sigwart et al. (9). 

One disadvantage of the stent graft was ttiat it required a 
1 2-French catheter for introduction. This was a result of stent 
construction (wire size and number of bends at each end) as 
well as the elasticity and thickness of the nylon material. 
Stents were constructed of 0.01 6-in. (0.4-mm) wire and con- 
tained six bends at each end in order to obtain an expansile 
force great enough to expand the nylon mesh. Because the 
nylon was elastic, it had the tendency to bunch up at the 
distal end during insertion into the catheter. 

One of the seven grafts placed in this project migrated. In 
this case, the lead stent was not equipped with barbs that 
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Fig. 4.-4, Photograph of an aortic stant graft ramovad 1 month aftar 
placamant shows that antira davica haa baan encasad by a thin, translu- 
cam covering. This photograph waa mada aftar aorta was openad longi- 
tudinally and davica was bisactad. 

0, Photomicrograph of a cross laction mada through an encasad stant 
g raft ra movad 6 montha aftar placamant shows nylon matarial («o£/d 
arroivs) covered by neointima. Large discrete spaces are where stent wire 
wss located. Note slight nppia in material (open arrow) that has been 
encaaed by neointima, resulting in a sUght luminal bulge. (H and E. xlOO) 
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engage the vessel wail and prevent movement during neoin- 
timai encasement. None of the stent grafts that were 
equipped with tarts migrated. This is similar to results re- 
ported by Chamsangavej et al. [13] and again emphasizes 
the need for bart)s on the anchoring stent 

Cetfular encasement was thicker in the extemaJ iBac grafts 
than in the aortic grafts, possibly because of the slower blood 
flow resulting from peripheral Ugation of the ipstiateral femoral 
artery after placement of the devices. In addition, the expan- 
sfle pressure of the stent against the iOac wafl may have been 
greatK" than that in the aorta, which may have contributed to 
the excessive neointimal proliferation [14], This indicates that 
stent grafts should be constructed of snnailer wire when used 
in the more peripheral vessels. 

In conclusion, the graft material supported by the stents 
acts as a frameworit for neointimal encasement that forms a 
new vascular lumen within the area of interest. In addition, 
anchoring stents should be equipped with barbs to help 
prevent migration, and the graft should be constructed of 
expandable. loose-weave material. Cunwtly, saccular aortic 
aneurysms are being created experimentally to further eval- 
uate these devices. 
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Stenosis of the Vena Cava: 
Preliminary Assessment of Treatment 
with Expandable Metallic Stents^ 



To test the ability ot Cijnturco ex- 
pjn».iablo metjilic stents to dilate 
jnd niaintjin pjtcncy in stenotic ve- 
nae cav.ie, stenosis of the inferior 
ven.i cnvn wa:> created in seven mon- 
^^rel doi*s by the percutaneous injec- 
tion of absolute ethanol into the 
paravascular retroperitoneal space. 
Cianturco stents, placed across the 
stenotic segment, resulted in suc- 
cessful dilatation with improved 
hemodynamics in four dogs. The 
stents tailed to dilate an occiuded 
vena cava in one dog; in the remain- 
ing dogs, stent placement was com- 
plicated by eariy migration and oc- 
clusion. Cianturco stents were 
placed in two patients, one with su- 
perior vena cava syndrome and one 
with retroperitoneal fibrosis that 
obstructed the inferior vena cava, 
and resulted in immediate relief of 
presenting svmptoms- These results 
should be viewed cautiously, but 
further investigation into the clini- 
cal use of the stents is indicated, es- 
pecially for patients for whom other 
treatments are difficult. 
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\ -I .;:n r; v'.i n I -.tL-iu^-i-* w.i- .ti.Mi:*;.'a 1^ .1 
^i^*: Jocrc.i>t.* m rhL- J.iv.il .i..iir.jUT ,tr .1 
I.Tu-^-^'j re ■4r,Ui:v'nt .iCfo-s^ --.i^- t-^i^ .■: 

lilt- -(.'Vi'n •-tov;>. » -I r 1 1 ic.i ! -^loiu".!- o-. - 
-.'v'U'pftl 2 wv-f v-i .11 IV" rii-.- . !i(*.'C:u'p. in 
-MU* aoj;. ^ti.-nv*'*!-* • 'CC J rr-.-J .rt . u In.t 
■.■»\' 2 ^V'-ck*- vc i.i i;.iv.M \v .1- >■■.■.:>.: w*. 
Ip. tin- rcm.unin-4 .miiu.i i -i-coiui -'lu-i 

in-.* 11: ^iirLT c. at-No: d.i;v.ur^:" 'U'l't- 
■vo.-i.- ;i>L-vi In th.v irii:;,il :.»iir Ji'v;'.. .1 ^1- 

! s.,i>^ii • A tr».' 2 . ii J i.ur ffor ,uui ' 

*ho 'U-i't vv'a> :n; Ki [ I ic,'* .irraohn'.-^ '.m:t»- 

.i»fP-j .irrt \.c*.t :i ■ .tii ■'» :n.- \ •.•'.>».■! .l- i 

\\ .1- r-j.i*.Wi*o. iriMT. •■It- ,.»r :-i»r .1 •('('-.: 

^roni^S).;, :;%••.*>[(.•'"''.>•'; i-.m l.ir Kmi^;:!"'. •.v-'r-.- 
connected L--. »\ ire ;*•.'> ■ i"iv; !bi fliex 
prt-^x ivlet'. .1 *^ r-..'at(.-r \ lm •*! -Mrci* tl*..i!"^ . 

u«r.-4 -i<,-ih .ir>J >,'tt.T ^t.i:'i I :.'.it -n 
Vli..;ra:)vM' nu n.iK v-J ro.e.i^ui.; 
:iU' iead'.rv^ -ten* ^^ n.K- -ii-.- .'thvr >rjr.( -r- 
.r.aincO 1' thf c.iiiu*^*: 

AttcT .1 !i''-H T.*t!on vMtti-.-rtT -.vas 
: I. nil' J at tl'.t.- J reJ '.t<c.uit>n mi th-.* m u-- 
':»»r vi.-(ij cava ':ic itei*J '^ .is ^^Miipri**"!-.! 
MVJ. al.iCi'J M'.t.' f-AK' "1.1^ -.-r.j fill- 

.Ktv.incvHi 'he c.i t I tT U'^ wAi^ .1 
•.n:'.r jr cai?<c .,uhi :-.*- r<:'K'a'-«.- 
^ten:. th.c pj-^n^*- ^ab "^.k iu'-.xl -l.ipio 
aiul :no carbcfvT v\.w ::ndr.iw!» -K-.-. '•. 

:hv stfii- -.x .i^. c.'tn p.i-:ol\ re-vM^^-*.: 
jtid t*\p.i:uitf'.*. 'X 'n-n ijui'-irii- sieni^ 
'.v*eri* piaci'vi .1:1 .itt-.-mo; ■\.i"* iTia^.le 
prtvi^^t* ^)^ iverl.ip "tio .i^lu'irinj^ stenr-* V 
■iimd.ir cimotiT -.v.is u>e-J to ptact* the 
barK'il >:cni 

C.':ivc*iMM>n II .- -.dt* "^.-.iph^ o: vU»»:> 




Figure 1. (.(Cianturco iten( «,th barbs (arrows,. (b> Double itent Two iienis connec-cJ 
cetter itabili/jtion during release 





Figure 3. F.i-lurf or the stents la) G.ir:v n: 
grntion resulted m .i vonuMi stent (jr:ow>; 
(b) The clDiei: ond iibstructed blood ilow 
.ind thrombosis developed 





Figure Application of stents m eNpenmentaHv induced avjl stenosis in j do>; ^\'um- 
norMna..ndbr(..prt.s^nt pressure in cenr.mtfcer^oi ..ilm.- . ( j» >te.uw,c.nicr,or v.-n.! mv.i 
.er .niect.on oi absolute erhanol m the fL-t roper. tL>neum Pressure ^r.idienr across the s:eno- 
M> wjs 8 cm ot s^tlinc. (bt Arter puicement ot :wo vn^le .tent... pressure ^r-.o;-- w.is 
reduced to I cm or sahne. (cl Patholo.^.c .pec::r.en aotawied- 4 numrhs .wter .tenr n|.Kvme.u 
The stents were covered bv endothelium. ■ ncorporatint; rhem .n :he waU o: ri>e v.-sse' 



Table 1 

Effect of Stents on inferior Vena Cava Diameter (mm) 



Alter Scent PUcemen: 



Dog 



Initu! 



Sienuttc 



fmmedute 



4 Months 
FoLow-up 



15 

14 



U 
16 



11 
S 

U 
9 



14 
U 
14 

i: 

9 
9 



Notc.-Caval diameitn w-re measured a: the d:ite:en( stenotic sues ;n dogs I. 2. and 4 
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abdomens ivere obtained at 1 . 2. 7. and ! 4 
dav.^ after stent placement. Interior cavo- 
graphy .ind pressure measurements above 
and below the srenosi.s were performed at 
month !v intervals tor 4 .n-onihs No anti- 
coagulan:> or antiplatelet agents were 
given to the dog.s during the follow-up 
period The dogs were kilted when the 
stents failed or 4 months arter placement 
r*afholo\;ic e.\ami nation of the retroperi- 
:oncum an^: :nferior vena cava was per- 
formed 



Results 

The >:ent:> w ere successfuilv placed 
.icros^ thf stenosis. m\c rhe p.uer.cv the 
evpenmentallv induced stenotic interior' 
vena cava vvm> maintained in lour of the 

-oven doijs. There was an immediate in- 
crease m thecaval diameter, varvmg :rom 
- to 5 mm jtier stent placement (Tabte I > 
Althout^h the interior vrna cava did not 
expand to its original diameter or :o that 
ot a fu!lv expanded stent, it did expand 
up to another 3 mm m diameter from the 
Mir.e 01 placement to the time of sacrifice 
(l-ii; 2) \'one ot the stents migrated 

There was resolution of :he pressure 
gradients in three oi the tour dogs, one 
did not have a Ntgniricant pressure gradi- 
ent before stent placemen:. Normal pres- 
^J|■e gradients were maintained through- 
iUit the 4-month tnllow-up m all four 
dogs (Tab-e I'l 

Pathologic examination of the interior 
vena cava .n these tour dogs demonstrat- 
ed the ste.nts to be incorporated m the ca- 
va! wai: (Fig 2: Endothelial proliferation 
completely covered the stents m all 
There was no clot formation The onfices 
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higure 4. Case I. ui ::o;:nHircJ :omi.i- 

.':)>fr.itc'< ,1 :iMs> s.*viv.->rt.-s>;n'; :r.i- 

i\.Hl:ti\;r.ipi'. ,»[ ^ir_H*.-ijr v^mu j.u j 
■;l:t>vv-; •;ti'n4k>is (c> !'»^jr >r-.'ncs .\•l•rv 
;,''I.l^:L*^.l :n :hv* -iuptfTMr ven.i ^-.um ..i:- 

: .1 r rn u- h e.Ki > ■ ■; ; o \ : : I :r i tk-iI i .i J c 
•ivnipionuitu' roIiL't ivj>, iukcO .irter 
•.ttrnr ;.iLk\' incur (d) P.uhoU>\;iv: ■;p^fv!- 
men shews tao stenrs :n :hc >upi*r.i>r 
t'cnj s:.iv.i. vvliicn k i,'nvMsc*L: bv tumor 
:jrri>\v:. SupiTior veiu ovm i\m> 
w'.th :it> cKn ti«rnijii(Mi 



ot rnc veins t:ia( -.VL-rt.' bruljitfd j\ r";K- 
■iten: rL'tr..ii iit'd r».iie[K 

In tht- v'thcr three ooi^s. :hc stent.-, 
railed to dii.ue :iK- >;tent>riL- vetij cnv.i .inj 
resuUt-'d Ml occlusion In the tirsr ;U tht'se 
rh-ec vii»t;s. .m .urempt u-as made to dlkv 
the stent across an occi tided :nrer:or vena 
cava, fne steiit couid no: ree>taLiii>h :Ke 
lumen b\ir perforated the interior ve:ia 
c.iva, whtch. roMilted ui retropcr-.totieal 
ab.sce>s In. the remammi; rwo. arremprN to 
pLtce the barbless stcnr^ acro^ tne :ii;ht 
itcnOM.s iv ere colli plicated bv migration 
.15 the .stents were re teased truiv, the cati*.- 
•.*rer The stents ronned a cone wtt!i the 
distill etui expanded in the normal inter:- 
or vena cava and rhe pro.vimal end closed 
in the stenotic portion (Fij^. j) Thi> 
vio-ird. provimal end •^b-.trucrevl oi^>o^i 
resitltini; :n rhrombus rormatior. 



CLINICAL APPLICATION 
Case 1 

Severe stridor .ind a superior vci\a 
c.ivn syndrome developed m a ^^-vear- 
old woman secondary to a poorI\- dir- 
teren:tJted carcinoma or the rrachea in- 
volving the medidsttnum that did not 
respond to radiation therapy Surgical 
Jebulking ivas jcempred :o alleviate 
her symptoms. The distal trachea -.vas 
partially resected and reconsrrucred 
u'irh a myocuraneous graft. However. 
:he myoc'jtaneous graft collapsed with 
each inspiration, and the patient re- 
quired the assistance of a positive pres- 
sure respirator to breathe. The super-.or 
vena cava syndrome persisted 




Superior cavi>j;raphy demonstrated 
sttvuisis of both inniMiitp.ate voiii.sand 
the -superior ven^i c.iva ar their iniunc- 
tior .An attempt :o dilate the stonosts 
with tvN o anj;iopiasf\ balloon (Q-inm- 
d I a m 0 r e r ! ca t h e t c rs iv a .s n o t > li ccess t u I . 

Four rej;ular t>ar!:>less stents, each 3 
cm m d:ameterand .>-cm loni;. were 
piacx'd in the right iniuimmate vlmh 
.i:Kt superior vena cava (Fi^^ 4). .Anoth- 
er -itoiv: wj-, placed -nto the distal tra- 
Cliea :o prev-ent the coILipse ot the 
nvv ocuraneou'; ^raf J. 

Arter -^ton: pl.iceme'nr. there ums im- 
aiediate relief of the superu>r \ e:ia cava 
s\ ;uirome a!id the patienr was able to 
breaci-.e w;:hour as>is;ancc. S\ stemic 
chemotlierapy was mscifated but re- 
-iiited .n -severe niyelosuppressioii arid 
^^•p^:s She died " vveeks later At au- 
:opsv the -.uperu^r vena cai. a was pat- 
en;, ^iot :orinatu»n u a^ ^eei" on 
rhe stents The traciieal ^cer.r main- 
tained the patencv ot" rhe mvocutan- 
et>us *.;ra rt 



Case 2 

An .>2-yea.--oId woman was admitted 
w ith edeina of both legs and :he lower 
abdomen She had had a re rrc> peritone- 
al leiomyosarcoma that had been treat- 
ed w:tii suri;ic*i! resection and radiation 
:herap\ years prior. She aiso had had 
chronic pancreatitis and recroperttone- 
J I ribro.sis that necessitated a choledo- 
choiepjaostomy to relieve an obs:ruc- 
:ive aundice S months betore she was 
admitted wuh edema 

(r.fenor cavography demonstrated a 
marked sieno.«;is of the vena cava at the 
level of L--* with paravenebra! collater- 
als The pressure gradient across the 



Table 2 

Effect of Stents on Pressure Gradients 
(cm of saline) 





Be t o re 


Atter 


i Months 


Dog 


Stent 


Stem 


Uuer 


I 


NS 


NS 




^ 


5 


2 




3 


$ 


I 


1 


4 


6 




2 



Note — NS = not signmcan: 



stenosis was 20 cm oi saline. 

Three barbless stents, eacii 2.3 cm in 
diameter and 3- cm long, were placed 
.1 c ros.s t h e s te nv»s . > ( F o.; 5 ) I m m eo i a te I v 
Jt(er>:enr placemen;, ciie pressure gra- 
dient was rod u ced to H) c m o t sa 1 1 n e 
However one ^rent niii^rared and. 
loilged ;n the iwpatic '•e^.^nien: ot tile 
interior vena cava. On the ne.\t da-, 
fhac stent mij;raied into the righr ven- 
tricle, necessitating the placemen: of > 
bird's nesr filter m the inferior vena 
cava ro prevent migr^ition of the o:her 
stents. .Additional stents with a larger 
diameter (3 cm i were placed across the 
stenosis. 

The edema of the legs disapoeared 
and did not recur Tiie patient e.vDeri- 
enced no clinical problems related :o 
the stent lodged in rhe ventricle She 
died 5 months iater with progressive 
disease m the rotroperitoneum and ab- 
domen At autopsy. :he inferior vena 
cava (encased by :he recurrent tumor- 
was wideA- patent, maintained bv :he 
stents, and was free of c!ot formation. 
Tne srent in the righ: ventricle was 
covered by endocardium with no clot 
tormdtion 
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DISCUSSION 

The- results ot this animjl e.\perimtfnf 
-inJ limited clinical experience should 
be interpreted with coution. [t ap- 
pe.ired th.ij in both the ivomen and the 
doijs the stents had not expanded to 
their tullest diameters or to the original 
dMineters or the vena cavas. However, 
they had allowed enough blood (low 
rhrtvj^rh tile stenose:» to decrease the 
p r e>s u re ra d i e n t s I n case 2 . t h e e\ pa n - 
^lie inrce ot the stent iiot only :mmedi- 
Uv*l\- neutral i/od or relievetl the exrnn- 
-ic sToni ore-is UMi from tibrosis or tumor 
>n rho •.*c^>e! wall Lni: also re vented 
:>roi:ro^sion o: rhe stenosis. 

The >:en:s tailed when rhev were 
piaccd in j throniKmc or occludea ves- 
sel The presence or blood clot or intra- 
luminal tumors mav limit the use ot the 
Cianturco sten:. An mrraluminal tumor 
u-ii: probably grow around the wires 
rhe sten: Lv5is ot rhe blood clot bv 
rhromboiyfic agents could be helpful 
before srent placement. Placemen: of 
tho >tent inti> a tight stenotic lesion 
may not adequately expand rhe lumen 
to allow sufttcienr blood flow, which 
would result ;n thrombosis l.\ auch in- 
stances, bal'oon dilaranon before stent 
placement should be considered. 

E.irly migration ot the stents oc- 
curred in TWO do^s. When released 
irom :he .Mtherers. rhe stents tended to 
spring into the nonsteiuuic portion of 
the vessel and formed a cone, the nar- 
rowed end of which obstructed blood 
tiow and resulted m ti\rombosis. To 
.ivoid earlv migratior. double stents 
.md barbed stents were used As rhe 
leading stent wa.s released from the 
c.itheter. the oth.er remained wirhm it. 
whicii allovvi'd sligh: mjnipulanon or 
change in position jnd thus better sta- 
biluation 

The stent in case : most hkely mi- 
graced because the si/- ijt ;he inferior 
ven.i cdva w.is underestimated As dem- 
onstrated on the radiograph ot rhe m- 
renor vena cava obratned before stent 
placement, the cava! diameter above 
rhe stenosis was only \.Z cm. compared 
with rhe diameter ot 2 5 cm .ifter Place- 
ment of rhe stents. Thus, a Z 5-cm*diam- 
i'tcr stent vvas apparently too small. To 
prevent such migration, rhe selection 
ot rhe pa)per stent diameter and use of 
a barbed stent are recommended for 
fixation of the stent to the caval wall 
The expansile force of the scent in- 
creases wirh an increase in :he caliber 
ot rhe wire, in stent diameter, and m 
the number and angle of wire bends 
However, an increase in length will de- 
crease the expansile force. The expan- 
sile mechanism and the introduction of 
the Cianturo stent are much simpler 
r'n<in those of grafts made of ninnol 
wire It spontaneously returns to :ts 
original shape after release without the 
changes in temperatures required m 




Figure 5. Case 2. (a> Rjdiograph 
i>t interitir vena cnva denionsrrate'> 
tKtf %rLTiotic site (arrowt with o^ra- 
v-LTtchn; ciiIlatt.T.il.s (b) .After 
pI.H-enK'nt of rhe srent.s. the mferi- 
or v,-n.i civ.i evpniuK-d. An^i rhe 
Ci'llatcrol.^ Jisoppeared. a sten: 
migr.ited ru the hepatic segment 
(hi.' infLTior vcn.i c.iva (jrrow- 
he.ulsj (ct One day ijrer. rhe stent 
inif^Mted farther and lodged m 
the right ventricle {.irrows) with- 
out ciiiiical consequences, (d) 
r.uhologtc specimen shows the 
^tent in the rii^ht ventricle, cov- 
ered bv endocardium There was 
no clot :orm»itii>n (.irrows) 




use of nitinoi wire. Irs expansile mech- 
.inism is also simpler than that of the 
Palma/: graft, which uses an angio- 
plasty balloon to expand rhe graft. The 
ability of the Cianturco stent to expand 
slowlv over time may also offer an ad- 
vantage over rhe other types of stents. 

Conventional treatment tor stenosis 
=n the vena cava secondarv to tumor 
encasement is radiation theraov or che- 
mothcrapv (5-3). Successful relief of 
superior vena cava syndrome has been 
reported m as high ds '^Ar'r of patients 
ResoUitiop. of rhe signs and svmDtoms 
may have .i latent period up to 3* weeks 
'.:>). For stenosis from surgical or postra- 
diation fibrosis, the treatment is more 
difficult. Bvpass surgery or surgical 
correction is considered a maior under- 
taking and may not be worth the effort, 
particularly m patiencs who stilt have 
residual or recurrent rumor {9} 

Clinical application of the Cianturco 
stent seems appropriate for further in- 
vestigation, particularly in patients 
with a vena cava that is stenotic be- 
cause of encasement from a tumor that 
nas not responded to radiation therapv 
or chemorherapy or because of postsur- 
gical and radiation fibrosis. ■* 
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Flexible BaiIoon«ezpanded Stent for Small Vessels 

Work in Progress* 



Gerard Duprat, Jr.. MO, FRCP(0^ 
Kenneth C Wright PhD 
Chiuiip Chamsangjvej, MD 
Sidney Wallace, MD 
Cesare Gianturco, MD 

A new type of flexible, bailoon-expand* 
ed, stainless steel atent was designed for 
introduction into small vesactj subject 
to motion. Four stents placed in four 
dop were patent at foUow-up (4-8 
weeks). A fibrocellular proliferation in- 
volving the iniima and media was re* 
sponsible for a 20%- 25% luminal nar- 
rowing observed in ail vessels with 
stents. The stent has longitudinal flexi- 
bility, which should permit its insertion 
into small peripheral, visceral, and coro- 
nary arteries. 

Index term: ArtenM, $nin «nd proschnc* 
Radiology 1987; l62:2r6-:78 



E VDOVASCULAR stents may be useful 
for correcring severe mtimal dis- 
section or recurrent stenosis after an- 
gioplasty of small vessels. Many types 
of endovascular stents and prostheses 
are described in the litemtxire, but few 
have been inserted in vessels smaller 
than 5 mm and none have longitudinal 
flexibility. Only rwo of six coiled, stain- 
less steel wire stents (3.5 mm in diame- 
ter) placed in canine arteries remained 
patent at follow-up (1). The insertion of 
two nitinol wire coils (5 mm in diame- 
ter) resulted in thrombosis of one coil 
after 2 weeks and significant narrow- 
ing of the lumen within the other coil 
after 13 weeks (2). Self-expanding, rig- 
ug (Clanturco) metallic stents inserted 
in vessels smaller than 5 mm remained 
patent provided the ratio of stent/re- 
cipient vessel diameter was smaller or 
equal to 1.2 (3). 

This report describes a new type of 
flexible, balloon-expanded endovascu- 



' From the Oiviston of Dijgnosnc Imaging, 
Oeparrmcnt of Diagnosnc Radiology, Sox 57. 
Univcmry of Trxaa. M.O. Andtnon Hosmnl 
jnd Tumor Inintut* at HouMon, 6723 B«fTn«r 
Ave. Hoimon. TX 77030. From the 19M RSNA 
innual meeting. Received futy 30. 1986: accept- 
ed Au|ust 27. Supporrcd in part bv the fohn S. 
Ounn ReMarcn Foundation and theCeorgt Al- 
fred Cook Memonal Fund. Addrcu rrpnnt re- 
quests to K.CW. 

' Current address: Oepartment of Radiologx. 
Hotel Dteu d« Montreal. C*n*CM. 
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lar Stent. The technique of insertion 
a.-.d the preliminary results m vessels 
smaller than 5 mm in diameter are pre- 
sented. 



Materiab and Methods 

The flexible, balloon-expanded 
stents were made of surgical surure 
wire (0.006-inch) wrapped cyllndrical- 
ly, with bends adopting a sequential U 
and inverted U configuration every 
360* (Fig. I). The stents were wrapped 
tightly around a collapsed angioplasty 
balloon (25 mm long and 2J mm in di- 
ameter when fully inflated). The angio- 
plasty balloon-stent unit was 2 mm in 
diameter: when fully expanded, stents 
measured 15 mm long and 2.5 mm in 
diameter. To evaluate longitudinal flexi- 
bility, the stents were wrapped around 
5-F polyethylene tubing that had been 
bent into vanous configurations 
(Fig. 2). 

Four adult mongrel dogs (20-24 kg) 
were anesthetized with an intravenous 
injection of sodium pentobarbital (30 
mg/kg). After heparin admin istntion 
(100 U/kg), a vessel with a diameter 
similar ro that of the stent was selec- 
tively cathetenzed using a S-F polyeth- 
ylene catheter: the catheter was intro- 
duced through a carotid arteriotomy. 
Catheter exchange was performed over 
a wire guide (O.OlS inch), and the an- 
gioplasty balloon-stent unit was ad- 
vanced to the area of interest. The bal- 
loon was inflated to maximal pressure 
for 1 minute. This was repeated two to 
three times unril good stent expansion 
was observed fluoroscopically. The an- 
gioplasty catheter was withdrawn 
while negative pressure was applied to 
the balloon. Angiography was per- 
formed before and immediately after 
stenting, at I week, 4 weeks, and at the 
end of the study. One stent was insert- 
ed into the gluteal, saphenous, superfi- 
cial femoral, or deep femoral artery 



Figures I. 2. (I) Low-kV radiognphs with I 
rwo-fold magnification, (j) Angioptasnr bal- 
loon-itent unit in rhe collapsed scare. The 
stent fits tigtttly around the angtoplasry Pal- 
toon ben^een the meratlic markers, (b) An- 
gioplasty baitocn-itent unit after mrlaeion 
to maximal pressure. Complete expansion of 
the irent is seen, (c) Expanded stent alter the 
angicptasry balloon ts withdrawn. (2) Low- 
kV radiograpn. After balloon expansion, the 
stent has been mounted on a 3-r, bent, poty* 
etnyiene catheter 
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f igure i. Colltmjted views oi conventional rjdiognph U> and superficial femoral artenosram (bl oorained immediately alter stent inser- 
tion m (he letf iaphenous jrterv The Jient is lully eipanded. and the vessel lumen ts patent. Note dilatation ot the anerv at the site ot bai- 
loun iniljiion iarruws. b) (c) Arrenogram obtained 6 weeks alter insernon demonstrates a 259, luminal narrowing within the stent. The 
item jijmeter is uncnanjeu. ind (here u siignt luminal narrowing at the origin oi one smjit side branch. 




Figure 4. LungituJmal section at j stented 
jfirrv o werik.s ailrr placement (Hemaioxy- 
till and fuktn. x 100 I Nutr pruliirraiion ot 
mtimj ^n^t jisrupiiwn* ui the miernal rlastic 
i.inntij uiurii jrruwki fhrre i> ji»u J iibro- 
*ciluijr protiirraiioii mvutvtng ifte media 
L/t>uO(r nr.iOrO arrow tnaicatr» rne «ndo- 
iftrituni-unru »ojce occupied bv me stent 
wire rSe- >iOe Ofincn seen to tne right oi 
:nt> iOiCc n patent 



v,ne- -itcr.t ?er vio?; The Jo^s were 
^...e-J zv r \ sjne'jinjrrun .vniic 'jiiaer 
-irr'j jvivii-j.-n per.r-jojroi: ji jne^tnr^td 

< ■ .if 3 .ver>.a 'wrte Jug; The veSSelS 

Volume 162 Numoer I 



containing rhe stents were resected and. 
examined grossly and hisioiogically 

Results 

These tieMble stents were easily e.\- 
panded to their rull diameter (2.5 mm* 
and did not change m diameter during 
the follow-up period (4-8 weeks). All 
stents were patent immediateiv .wier 
insertion A 20%-25*?( lumin.il narrow- 
ing WAS observed m all stents at the 
end 01 the tollow-up period (Fig. 31. No 
ve^^iel occlusion or stent migration was 
noted. Blood vessels bridged by the 
stents remained patent with no evi- 
dence oi narrowing, except in one case 
in which a small branch narrowed 
slightly at Its origin (Fi^ 3c). 

Histologic examination-showed mul- • 
tipie disruptions ot the internal elastic 
membrane and occasional mtimal splits 
with associated areas oi tntimal hemor- 
rhage (Ftg. ■!}. .4l moderate prohteration 
ji' tntimal cells was noted, as was a cel- 
lular proliieraiion involving the media 
These proliterations were preoomi* 
nantiy tibrocelluiar All stent wires 
were embedded m intimal prolifera< 
tiun Anc covered by a thin enaotheliai 
laver on tne luminal surtace No tnrom- 
bi«si> was >een. ana :ne Jdventitta re- 
mained intact 



Discussion 

Our results demonstrate that this 
type 01 stent can easily be introduced 
into arteries less than 5 mm m diameter 
and that complete stem e.xpansion can 
be jchieved witn an angioplasty bal- 
luon. Successful insertion required 
<entle introduction or the angioplasty 
b.iiluon-sient unit at the artenotomy 
>ite to prevent the stent trom »4ipping 
iitf the bAlluon. Thrtre balloon inlla- 
tions at maximal pressure were neces- 
sary to achieve tull stent expansion and 
avoid difficulty in withdrawing the 
balloon. "^^^ 

One deltniie advantage of this bal- 
loon-expanded stent IS Its longitudinal 
tiexibiltty The tubular mesh descnbed 
bv Palmaz et al. (4) is also expanded by 
an angioplasty balloon, but it lacks lon- 
gitudinal flexibility. We nave also suc- 
ceeded in inserting the self-expanding 
:ig-zag stents into straight vessels 
smaller :hjn 5 mm. but this stent has 
nu longitudinal flexibility either t3). 
This ilexibtlitv IS important tf stents are 
ro be inserted into smatl. continuously 
moving vessels with numerous curves 
jnd Denas. such as the coronary arter- 
ies .-!e\iote >tenis should also be use- 
;ui :n ctiremitv. gastrointestinal tract, 
and renai arteries 
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AniEiopiuty often results m splitting 
the tnttma to the level of the internal 
elastic membf^ne ind innmjl hemor* 
rhjge (5. 6) as was seen m this study. In 
addition, the stents remained patent 
with no occlusion of side branches, but 
20a.25% luminal narrowing occurred 
in all stented vessels. This **as artnbut- 
able to a fibrocelluiar proliferation in- 
volving both the mtima and the media, 
which may represent stem-enhanced 
oontinuahon of the vascular repair pro- 
cess initiated by angioplasty*. The he- 
modynamic significance and the long- 
term (>8 weeks) outcome of these 
changes are not known. Further these 



results were obtained in normal ves- 
sels, and additional studies are needed 
to determine the effects of balloon-ex- 
panded stents in e»penmentally in- 
duced stenotic lesioiu. ■ 
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Elastic recoil of the vessel wall is a 
common cause of failure of percuta- 
neou transluminal angioplasty in 
renal arteries. To oppose such recoil, 
balloon-expandable metal stents 
were implanted in artificially ste- 
notic renal arteries in pigs and nor- 
mal renal arteries in dogs and pigs. 
The stents were then examined an- 
giographically and histologically at 
regular intervals. All stents were 
comp otely covered with endothe- 
lialiivd neointima in 3 weeks. There 
was no difference in intimal thick- 
ness between the stenotic and non- 
stenotic renal arteries. A large stent 
diameter and a large open or non- 
metal surface may cause less intimal 
hyperplasia, but nonturbulent, fast 
arterial flow is probably the most 
imp tant factor in ensuring long- 
tern-, patency of the vessel. 

Index terms; Arteries, grafts and prostheses. 
961. 12S • Arteries, interventional procedure, 
961 128 • Arteries, stenosis. 961721 • Catheters 
and catheterization, technology • Renal arter- 
ies, interventional procedure, 961.128 • Renal 
arteries, stenosis. 961721 
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Figure 1. Collapsed balloon-mounted stent 
(top), expanded stent (center), and stent in 
place while deflated balloon is withdrawn 
(bottom). 



ALTHOUGH percutaneous translu- 
L minal angioplasty (PTA) for re- 
nal artery stenosis is widely used 
clinically, its efficacy is limited in 
certain types of renal artery lesions. 
Atherosclerosis, the most common 
cause of renal artery stenosis, does 
not respond well to angioplasty. In 
general, for hypertension caused by 
atherosclerotic renal artery stenosis, 
cures 1-2 years after PTA average 
only 21%. Improvement without cure 
in the same period nears 60% (1-3). 
PTA is usually not successful in pa- 
tients with atherosclerotic stenosis at 
the renal artery ostium and in those 
with bilateral renal artery disease (4, 
5). Only two-thirds of patients with 
anastomotic renal artery stenoses oc- 
curring after renal transplant receive 
long-term benefit from angioplasty, 
and frequently there is residual ste- 
nosis at the angioplasty site (6). 

A renal PTA leaving significant re- 
sidual stenosis often fails (4); this em- 
phasizes the need for adequate dila- 
tion. The use of balloons with larger 
diameters to overdilate the stenotic 
area has been proposed (7), but this 
increases the risk of renal artery rup- 
ture (8). 

As a method of opposing elastic re- 
coil after balloon dilation without 
overdilating, we investigated the ap- 
plication of balloon-expandable met- 
al stents in pigs with artificial renal 
artery stenoses. We compared the re- 
sults with those obtained after stent 
placement in normal renal arteries of 
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pigs and dogs. This research focused 
on the mechanics of simultaneous di- 
lation of the stent and the artery and 
on the long-term effects of the im- 
planted device on the renal artery 
and the renal parenchyma, deter- 
mined with histologic and morpho- 
metric analysis. 

MATERIALS AND METHODS 

Characteristics of the Stent 

The stent is a modified version of the 
same meshlike design used previously (9) 
(Fig. 1). It still has a nonexpanded diame- 
ter of 1.67 mm, a length of 15 mm, and a 
wall thickness of 0.076 mm. The new 
stent, however, has six double rows of 
staggered slots, instead of eight, and has 
narrower struts. These modifications re- 
duce the total metal surface, while main- 
taining critical physical properties: 

1. Free area and dimensional changes. 
The free or open area of the stent ranges 
from 69% in the collapsed state to a maxi- 
mum of 88% at 6 mm in diameter. With 
expansion, the slots in the wall assume a 
diamond shape; thus the open area in- 
creases until all four corners of the dia- 
monds have equal angle. Expansion be- 
yond this point results in a decrease of 
the open area. The length of the stent de- 
creases as the diameter increases. Figure 2 
shows that for a given stent configura- 
tion, there is an optimal range of expan- 
sion. 

2. Balloon and stent expansion charac- 
teristics. When a carrier balloon requiring 
10 atm of pressure to achieve its nominal 
diameter is used, 88% of total stent expan- 
sion occurs at 4.5 atm. Beyond that point, 
no significant increase in pressure is 
needed to produce complete expansion of 
the balloon-stent assembly, compared 
with the balloon alone. Therefore, the ad- 
ditional stress imposed on the balloon by 
the coaxtally mounted stent occurs at the 
low end of the pressure curve, far from 
the bursting limit of the balloon (Fig. 3). 

3. Response of the stent to external 
pressure. This was tested by applying a 
coUarlike device, constructed to allow a 
uniform pressure to be generated over 
the surface of the stent by suspending 
weights from the free-end of the device. 
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Figure 5. (a) Abdominal aortogram in a pig, 6 months after subocclusive ligature of the 

k""'/ "'^7 • pressure-fixed, stenotic renaJ artery in a pig 6 

months after subocclusive ligation. Internal elastic lamina (arrows) appears folded and ■ 
dundant as a result of the peripheral constrictive adventitial fibrosis. Intimal thickenin. 
probably represents organized thrombus. (Hematoxylin and eosin; original magnification 



2. 

Figures 2 3. (2) Percentage change in free area and decrease in length as a function of stent 

M *p^" '^l"""" diameter, open area increases 5.7% while length decrease. 

n.l%). (3) Pressure and diameter changes in 6.mm angioplasty balloon, alone (solid U^" 
and in combination with a coaxially mounted stent (broken line) 



The weights created a circumferential 
stress in the collar and an external pres- 
sure on the expanded stent. The stress de- 
veloped in the collar wall by the weights 
is given by S « W'/{t • L). where S is the 
circumferential or hoop stress, W is the 
suspended weight (in grams), / is the 
thickness of the collar wall (in centime- 
ters), and L is the length of the collar (in 
centimeters). 

The relationship (10) between the cir- 
cumferential stress S and the pressure P 
for thin-walled cylinders of radius R (in 
centimeters) is S = (P • R)n. From these 
equations the relationship sought is P = 
^/{R • I) = (2 . IV)/{D . LI where O is the 
stent diameter (in centimeters). This rela- 
tionship was used to calculate wall pres- 
sure for a series of suspended weights 
ranging from 0 to 1,500 g. All pressures 
were expressed in millimeters of mercury 
for easy comparison with intraluminal 
vascular pressures. Figure 4 shows that 
the fully expanded stent is stronger at 
maximum expansion than at smaller di- 
ameters. This is because the force from 
the externally applied wall pressure can 
be resolved into two components, one di- 
rected along the struts of the stent and 
one perpendicular to them. The larger the 
stent diameter, the greater is the compo- 
nent of force along the struts; therefore, 
the stent resists circumferential force 
more effectively. 

Experimental Methods 

Preparation of the renal artery stenosis 
model. —Eleven adult minipigs weighing 
75-180 lb (34-81 kg) underwent midline 
laparotomy under general gaseous anes- 
thesia. Subocclusive stenosis was created 
in the right mid-renal artery by placing a 
I-O polydioxanone suture (Ethicon, Som- 
erville. N.J.) around the artery and a piece 
of 6-F Teflon tubing alongside the artery. 
The tubing served as a tool to achieve 
uniform slack in the suture. After the lig- 
ature was tied and the tubing removed, 
renal arter\' patency was confirmed bv 
the presence of pulsations distal to the 
ligature. The pigs were fed a diet that 
kept them at a steady weight after sur- 
gery. In 6 months, renal artery stenosis 
had developed in all the pigs. Ischemic 
atrophy of the kidney developed in three 
pigs, but the renal arteries remained pat- 
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»(x OOOnvfi^ 
Figure 4. Change in stent diameter as a 
function of circumferential pressure. The ar- 
rowi indicate the direction of force applied 
to the diamond-shaped cpaces of the me#!.. 




ent. In two of the three, the degree of at- 
rophy was severe; the renal arteries were 
thready and therefore unsuitable for 
stenting. The stenoses resulting from the 
resorbable sutures were focal and ranged 
from 13% to 50% of the proximal renal ar- 
tery lumen (Fig. 5a). In three animals, the 
stenoses were minimal, ranging from 13% 
to 17%. In animals with the stent placed 
in the opposite normal renal artery, histo- 
logic examination of the stenotic area 
showed an organized thrombus at the site 
of suture placement, overlying a folded 
and interrupted interna: clastic lamina 
(Fig, 5b). This thrombus, with focal 
myointimal proliferation and adventitial 
fibrosis, caused the focal narrowing of the 
renal artery. 

Slenting procedure.—Six months after 
ligature, general gaseous anesthesia was 
administered to each pig, the right femo- 
ral artery was exposed, and an introducer 
sheath was placed in it. The stents were 
coaxially mounted over angioplasty bal- 
loon catheters with a 5-mm-diameter bal- 
loon and were manually crimped in 
place. The catheters with the mounted 
stent were steered to the target over a 
0.016-inch steerable guide wire after the 
initial placement of a selective 6-F cathe- 
ter in the ostium of the renal artery. A Y 
connector (USCI. Billerica, Mass.) allowed 
test injections of contrast material during 
manipulation of the catheter and wire. 



One hundred seventy-five milligrams of 
aspirin and 25 mg of dipyridamole were 
given the day before and up to 3 mo'irhs 
after the procedure. Fifty units of h; ...mn 
per kilogram and 250 ml of 40% low-mo- 
lecular-weight dextran were given intra- 
venously during the procedure. The ste- 
notic artery was not stented in the two 
pigs that had atrophic, shrunken kidneys 
as a result of the ligature placement; in 
two in which severe arterial spasm devel- 
oped during catheter manipulation; and 
in one that had a narrow angle betwi^en 
the renal artery and the aorta. Ratht - the 
stent was placed in the contralateral renal 
artery, and these five animals were used 
as controls. 

Eight dogs weighing 35-55 lb (16-25 
kg) underwent left carotid arteriotomy 
while under general gaseous anesthesia. 
After placement of a 9-F introducer 
sheath in the carotid artery, a baseline ab- 
dominal aortogram was obtained. Inser- 
tion of the expandable stent was ace '\- 
plished with materials and methods 
similar to those used in pigs. 

Dogs and pigs were killed in groups 
and at intervals indicated in Table 1. The 
methods used for the histopathologic 
preparation of the stcnied arteries was 
the same as reported previously (9). Fac- 
tor Vlll-related antigen was assayed in 
the endothelial surface of the stents with 
the immunoperoxidase method (11). 
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6. 7. 

Figures 6. 7. <6) Cross specimen of pig kidneys 24 week* after stent placement in the ex- 
perimental stenosis of the right renal artery. Kidneys, renal arteries, and aorta were coronal- 
ly sectioned. (7) Scanning electron micrograph of the inner surface of a renal artery stent 24 
weeks after placement (original magnification X40). The central circle indicates high*power 
Biicroscope insert site (original magnification X240). 
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RESULTS 

Pig 

S) 'enal artery stenoses were suc- 
cessfully stented and the lumen di- 
ameter completely restored (Fig. 6). 
At 1 week, low-power microscopic 
examination of the inner surface of 
the stented renal arteries showed 
partial coverage of the inner stent lu- 
men with endothelialized neointima. 
Specimens 3 weeks and older were 
coir letely covered with intimai tis- 
sue. Cross-sectional specimens taken 
at 1 week and prepared with heme- 
toxylin and eosin and metachromatic 
stain showed an accumulation of red 
cells in the troughs formed between 
the struts and the depressed inner ar- 
terial surface. By 3 weeks the clot had 
almost completely disappeared, and 
the 'truts were covered with endo- 
thelialized neointima. In specimens 8 
Weeks and older, complete resorption 
of the red cells and pigments under 
the thin neointima caused the inner 
surface of the stent to look like a bas- 
relief of the stent (Fig. 7). A 5-mm 
stent placed in a 3-mm renal artery 
with moderate ischemic atrophy of 
th.- corresponding kidney had a 
neinntimal thickness of 917 ^m. This 
narrowed the lumen of the overdilal- 
stent to the diameter proximal and 
distal to the stented area. In other 
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words, the neointimal formation 
modeled the arterial wall, resulting 
in a uniform lumen diameter. In the 
five pigs with stented renal artery 
stenoses and an angiographically 
normal ipsilateral kidney before 
stenting, the placed stents had a 
mean intimai thickness of 58 >xm ± 
15. In the remaining five pigs with 
stents placed in the opposite normal 
renal artery, the stented lumen re* 
mained patent and had a mean inti- 
mai thickness of 86 ^im ± 66. 

In the six pigs with stented renal 
artery stenosis, histologic examina- 
tion of the renal parenchyma showed 
no abnormality in five. Mild intersti- 
tial fibrosis was present in the single 
kidney that showed a moderate de- 
gree of atrophy on angiography done 
before stenting. The two small, 
scarred kidneys that were unsuitable 
for stent placement had severe dif- 
fuse parenchymal fibrosis, resulting 
from severe ischemia at the time of 
the ligature placement. 



Dog 

All previously normal stented ar- 
teries were patent on radiographic 
and histopathologic examination. In 
one instance, a week after placement 
of a stent in the ostium of a renal ar- 
tery, the stent partially migrated into 
the aortic lumen. However, it caused 

PPPA 002654 



no narrowing of the renal artery lu- 
men, and it did not damage the kid- 
ney. The healing pattern of the stent 
in canine renal arteries was identical 
to that observed in pigs at each obser- 
vation. Intimai hyperplasia in the ca- 
nine stents averaged 63 ± 58. His- 
tologic examination of the canine 
kidneys yielded normal results in all 
specimens. 

Factor Vlll-related antigen was 
identified in all canine and porcine 
preparations, with the oldest speci- 
mens having the strongest staining. 

DISCUSSION 

Pigs have been used to test the re- 
sults of balloon angioplasty on artifi- 
cially induced renal artery stenoses. 
Stridbeck et al. (12) produced steno- 
ses in renal arteries of pigs by divid- 
ing and then suturing renal arteries 
to create a stenotic anastomosis. Since 
the results of the procedure depend 
heavily on the skills of the surgeon, 
we attempted to simplify the model 
by tying a slack suture of absorbable 
material around the renal artery. 
Polydioxanone was chosen as suture 
material, because it is slowly ab- 
sorbed over a period of 6 months in 
pigs (13). By the end of this time, the 
adventitial scar tissue should be 
strong enough to maintain the focal 
constriction- Our model of renal ar- 
tery stenosis was only moderately 
successful, since significant stenotic 
lesions developed in about half the 
animals, the rest having no signifi- 
cant stenosis or a small, scarred kid- 
ney resulting from severe ischemia. 

Neither pigs nor dogs are ideal 
models for catheter manipulation in 
the renal arteries, because they have 
a relatively narrow abdominal aorta. 
In most of the animals, however, we 
encountered no difficulties placing 
the stents when the catheter entry lo- 
cation was chosen according to the 
angle between the renal artery and 
the aorta, that is, a carotid approach 
in dogs and a femoral approach in 

pigs- 
Migration of the stent placed at the 
ostium of a normal canine renal ar- 
tery may have been caused by the 
lack of a stenotic lesion "hugging" it 
in place. Also, dogs have very mobile 
kidneys, and movement of the renal 
artery at the ostium may have caused 
the migration. Stents for renal artery 
ostial lesions will have to be longer 
to give a larger stabilizing surface. 

Despite possible differences be- 
tween canine and porcine clotting 
and healing mechanisms, the pat- 
terns of stent incorporation in the ar- 
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teriel wall were remarkably similar 
in both species for stertts of equal 
size. Ail 5-mm stents, at 3 weeks or 
greater after implantation, were cov- 
ered with essentially the same degree 
of intimal hyperplasia in all the ani- 
mals, the only exception being the 
stent placed in a small renal artery 
with a low rate of blood flow. Myoin- 
Hmal thickening occurred only over 
the struts of the stent, and it was 
quantitatively minimal. 

Healing around the 3-mm and 3.5- 
mm stents placed in the coronary ar- 
teries of dogs (14) was different from 
that around the 5-mm renal stents. In 
coronar>' stents, although lumen pa- 
tency was excellent, the intimal tis- 
sue covered the struts and the spaces 
between adjacent struts in a continu- 
ous fashion. Although the free sur- 
face difference between the 3-mm 
and 5-mm stents is only 6%, it may be 
at least partially responsible for the 
differences observed. Unfavorable 
volume-surface relationships of the 
blood circulating through smaller 
stents, increased turbulence, higher 
shear rates, or the presence of wave 
reflections related to compliance mis- 
match (10) may also influence the 
healing process; the relative impor- 
Mnce of these factors remains to be 
iemonstrated. It has been previously 
noted that arterial flow affects the 
degree of intimal proliferation in the 
stents; intimal thickness was more 
prominent in low-flow situations 

(15) . When the expanded stent diam- 
eter exceeded that of the target ves- 
sel, intimal growth narrowed the 
stent lumen to match the inflow and 
outflow portions of the vessel. 
Whether this will occur in humans 
remains unknown, but a similar phe- 
nomenon has been observed in surgi- 
cally placed bypass grafts. When a 
synthetic bypass conduit is exposed 
to circulating blood, the amount of 
thrombus deposition is also inversely 
related to the blood-flow velocity 

(16) . This tends to be a self-limiting 
process; at low flow rates, thrombus 



grows until narrowing of the graft 
lumen results in an increase of the 
flow velocity to a level above the 
thrombogenic threshold. From these 
observations, we believe that the 
placement of metallic stents in hu- 
man vessels with low flow rates will 
have to be approached with caution 
because of the risk of thrombotic oc- 
clusion or excessive intimal growth. 

Endothelial cells were identified 
morphologically with scanning elec- 
tron microscopy and by the presence 
of intracytoplasmic factor Vlll-relat- 
ed antigen, which is a tissue-specific 
marker for vascular endothelium 
(11). Complete endothelialization of 
the expandable stents at 3 weeks is 
the reason for the small amount of 
intimal hyperplasia. Valuable experi- 
ence in the use of metallic arterial 
stents in humans has been accumu- 
lated in Europe; Sigwart et al. (17) 
have placed a number of woven 
STainless steel wire stents in coronary 
arteries and in peripheral vessels 
with good short-term follow-up re- 
sults. Growing interest in this thera- 
peutic approach will undoubtedly re- 
sult in more human trials. ■ 
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Flexible Balloon-expanded Stent for Small Veasj^ls, 
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A new type of flexible, balloon-expand- 
ed, stainless steel stent was designed for 
introduction into small vessels subject 
to motion. Four stents placed in four 
dogs were patent at follow-up (4-8 
weeks). A fibrocellular proliferation in- 
volving the intima and media was re- 
sponsible for a 20%-25% luminal nar- 
rowing observed in all vessels with 
stents. The stent has longitudinal flexi- 
bility, which should permit its insertion 
into small peripheral, visceral, and coro- 
nary arteries. 

tndex term: Arteries, gratis and prostheses 
Radiology 1987; 162:276-278 



ENDOVaSCUL.ar Stents may be useful 
tor correcting severe intimal dis- 
section or recurrent stenosis after an- 
gioplasty of small vessels. Many types 
of endovascular stents and prostheses 
are described in the literature, but few 
have been inserted in vessels smaller 
than 5 mm and none have longitudinal 
tle.xibility Only two of six coiled, stain- 
less steel wire stents (3.5 mm in diame- 
ter) placed in canine arteries remained 
patent at follow-up (1). The insertion of 
two nitinol wire coils (5 mm in diame- 
ter) resulted in thrombosis of one coil 
after 2 weeks and significant narrow- 
ing of the lumen within the other coil 
after 13 weeks (2). Self-expanding, zig- 
zag (Cianturco) metallic stents inserted 
in vessels smaller than 5 mm remained 
patent provided the ratio of stent/ re- 
cipient vessel diameter was smaller or 
equal to 1.2 (3). 

This report describes a new type of 
flexible, balloon-expanded endovascu- 
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lar stent. The technique of insertion 
and the preliminary- results in vessels 
smaller than 5 mm in diameter are pre- 
sented 



Materials and Methods 

The flexible, balloon-expanded 
stents were made of surgical suture 
wire (0.006-inch) wrapped cylindrical- 
ly. with bends adopting a sequential U 
and inverted U configuration every 
360" (Fig. I). The stents were wrapped 
tightly around a collapsed angioplasty 
balloon (25 mm long and 2.5 mm in di- 
ameter when fully inflated). The angio- 
plasty balloon-stent unit was 2 mm in 
diameter; when fully e.xpanded, stents 
measured 15 mm long and 2.5 mm in 
diameter. To evaluate longitudinal tle.xi- 
bility', the stents were wrapped around 
5-F polyethylene tubing that had been 
bent into various configurations 
(Fig. 2). 

Four adult mongrel dogs (20-24 kg) 
were anesthetized with an intravenous 
injection of sodium pentobarbital (30 
mg/kg). After heparin administration 
(100 U/kg). a vessel with a diameter 
similar to that of the stent was selec- 
tively catheterized using a 5-F polyeth- 
ylene catheter: the catheter was intro- 
duced through a carotid arteriotomy. 
Catheter e.xchange was performed over 
a wire guide (0.018 inch), and the an- 
gioplasty balloon-stent unit was ad- 
vanced to the area of interest. The bal- 
loon was inflated to maximal pressure 
for I minute. This was repeated two to 
three times until good stent e.xpansion 
was observed fluoroscopically. The an- 
gioplasty catheter was withdrawn 
while negative pressure was applied to 
the balloon. .-Xngiography was per- 
formed before and immediately after 
stenting, at I week, 4 weeks, and at the 
end of the study. One stent was insert- 
ed into the gluteal, saphenous, superfi- 
cial femoral, or deep femoral artery 



Figures 1, 2. (1) Low-kV radiographs with ► 
rwo-told magnification, (a) Angioplasty bal- 
loon-stent unit in the collapsed state. The 
stent fits tightly around the angioplasty bal- 
loon between the metallic markers, (b) .An- 
gioplasty balloon-stent unit after inflation 
to maximal pressure. Complete e.xpansion of 
the stent is seen, (c) Expanded stent after the 
angioplast\' balloon is withdrawn. <2) Low- 
kV radiograph. After balloon e.xpansion, the 
stent has been mounted on a 5-F, bent, poly- 
ethylene catheter. 
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Higurc 3. CoUimatfd views ot conventional radiograph (a) and superficial femoral arteriogram (b) obtained immediatelv jfter stem inser- 
•on in the left saphuncuis arter)-. The stent is fully expanded, and the vessel lumen is patent. Note dilatation of the artery at the site of bal- 
on inflation (arrow;;, b'l. (c) Arteriogram obtained 6 v^eeks after insertion demonstrates a 25^c luminal narrowing within the stent The 
stent diameter is unchanged, and there is slight luminal narrowing at the origin of one small side branch. 



Discussion 

Our results demonstrate that this j 
type of stent con easily be Introduced 
into arteries less than 5 mm in diameter 
jnd that complete stent expansion car 
be achieved with an cingioplasty bal- 
loon. Successful insertion required 
gentle introduction of the angioplasty 
balloon -stent unit at the arteriotomy 
.site to prevent the stent from slipping 
off the balloon. Three balloon infla- i 
tions at maximal pressure were neces- 
sary to achieve full stent e.\ pension and 
avoid difficulty in withdrawing the 
balloon 

One definite advantage of this bal- 
loon-expanded stent is its longitudinal 
flexibility. The tubular mesh described 
by Palmaz et al. (4) is also expanded by 
an angioplasty balloon, but it lacks lon- 
gitudinal flexibility. We have also suc- 
ceeded in inserting the self-expanding 
/.ig-zag stents into straight vessels 
-mailer than 5 mm. but this stent has ' 
no longitudinal flexibility either (3) 
This flexibility is important if stents are * 
to be inserted into small, continuously ; 
moving vessels with numerous curves 
and bends, such as the coronar\ arter- 
ies. Flexible stents should also be use- 
ful in extremity gastrointestinal tract 
ind n*nal arteries 




^igur .- 4. Longitudinal section of a stented 
artorv weeks after placement. (Hematoxy- 
lin anJ cosin, XlOO.t Note proliferation of 
intima and disruptions of the internal elastic 
lamina (open arrows). There is also a fibro- 
<^ellular proliferation involving the media 
Double-headed arrow indicates the endo- 
fhelium-lined space occupied by the stent 
H'ire. The side branch seen to the right of 
thi< ^iMce is patent. 



ino stent per dog;. The dogs were 
••iMrd by exsanguination while under 
^jef" ^.idium pentobarbital anesthesia 
* eks (twni dogs). 6 weeks (one 
,>r S weeks (one dog) The vessels 



containing the stents were resected and. 
examined grossly and histological I v 

Resuits 

These flexible stents were easilv ex- 
panded to their full diameter (2.5 mm) 
and did not change in diameter during 
the follow-up period (4-8 weeks). All 
stents were patent immediately after 
insertion. A 20*;r-25% luminal narrow- 
ing was observed in all stents at the 
end of the follow-up period (Fig. 3). Nc 
vessel occlusion or stent migration was 
noted. Blood vessels bridged bv the 
stents remained patent with no evi- 
dence of narrowing, except in one case 
in which a small branch narrowed 
slightly at its origin (Fig. 3c). 

Histologic examination showed mul- 
tiple disruptions of the internal elastic 
membrane and occasional intimal splits 
with associated areas of intimal hemor- 
rhage (Fig. 4). A moderate proliferation 
of intimal cells was noted, as was a cel- 
lular proliferation involving the media 
These proliferations were predomi- 
nantly fibroceilular. All stent wires 
were embedded in intimal prolifera- 
tion and covered by a thin endothelial 
layer on the luminal surface. No throm- 
bosis was seen, and the adventitia re- 
mained intact 



Volume 162 Number I 



Radiology • 277 



A.-.j^iopiasty otrtT. :trsui:s :r. splitting 
.}( the intimj to :he ievei or rhe internal 
oiastic membrane and intimal hemor- 
rhai;e '5. oi oa was seen in this study, in 
jduition. the stents remained patent 
with no occlusion ot side branches, but 
20''r-25'~ luminal narrowing occurred 
in all stented vessels. This was attribut- 
.ible to a tibrocellular prol iteration in- 
volving both the intima and the media, 
•A-hich mav represent stent-enhanced 
continuation ot the vascular repair pro- 
cess initiated by angioplasty. The he- 
modynamic significance and the long- 
term OS weeks) outcome ot these 
changes are not known. Further, these 



results were obtained in normal ves- 
sels, and additional studies are needed 
to determine the effects of balloon-ex- 
panded stents in e.xperimentally in- 
duced stenotic lesions. ■ 
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Recurrent Female Pelvic Cancer: Assessment with Transrectal 
Ultrasonography^ 
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Fifty-two women with symptoms or 
signs suggesting pelvic recurrence of bi- 
opsy-proved pelvic cancer were assessed 
in a prospective trial by clinical exami- 
nation, transabdominal pelvic ultrasonog- 
raphy (TAU), computed tomography 
(CT), and transrectal pelvic ultrasonog- 
raphy (TRU). TRU significantly added 
to the information from TAU in the 
measurement of abnormalities on the 
pelvic sidewalls, and to TAU and CT in 
the measurement of abnormalities in the 
central and presacral regions of the pel- 
vis. Results of this preliminary study 
suggest that TRU may provide informa- 
tion complementary to that from CT in 
women with suspected recurrence of gy- 
necologic cancer. 

Index terms: Pelvis. CT, 8. 1211 • Pelvis, neo- 
plasms. 3.32 • Pelvis, US studies, 8.1298 
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THE diagnosis and assessment of re- 
current female pelvic cancer is a 
challenging problem. Precise determi- 
nation of tumor dimensions and distri- 
bution within the pelvis is an essential 
prerequisite for rational therapy; how- 
ever, clinical e.xamination is unreliable 
(1), and restaging laparotomy may not 
be indicated in all cases. Transabdo- 
minal pelvic ultrasonography (TAU) 
arid computed tomography (CT) have 
therefore emerged as important pre- 
treatment investigations (2). 

Transrectal pelvic ultrasonography 
(TRU) was designed to assess localized 
prostatic cancer (3). Subsequent studies 
demonstrated that images of other pel- 
vic structures could be obtained using 
low-frequency endosonic transducers 
(4); this prompted a previous study, the 
results of which suggested that TRU 
may be used in the management of re- 
current cervical cancer (5). The aims of 
the present study were to determine 
the features on TRU of a variety of re- 
current gynecologic cancers and to 
compare TRU findings with those of 
clinical examination, TAU, and CT. 

Patients and Methods 

Fifty-two consecutive patients (medi- 
an age, 52 years; range, 27-68 years) 
were entered into this prospective trial. 
All were referred to St. Chads Hospital 
or the Queen Elizabeth Hospital be- 
tween June 1984 and March 1985 with 
symptoms suggesting pelvic recurrence 
of biopsy-proved pelvic malignancy. 
The patients represented a selected 
group referred from several hospitals 
to a regional center for cancer treat- 
ment. Patients had previously been 
treated for cervical cancer (30 cases; 
median time since original treatment. 



21 months), epithelial ovarian cancer 
(IS cases, 11 months), endometrial can- 
cer (four cases, 27 months), uterine sar- 
coma (three cases, 7 months), or blad- 
der cancer (one case, 12 months). 
Twenty-seven had undergone pelvic 
surgery (hysterectomy and bilateral sal- 
pingo-oophorectomy with or without 
lymphadenectomy), and 31 had under- 
gone pelvic radiation. Informed con- 
sent was obtained from all patients af- 
ter the nature of the study procedures 
had been e.xplained. 

All patients underwent clinical e.\- 
aminations and T.*\U; 48 had CT exami- 
nations. .All patients subsequently un- 
derwent TRU examination. Clinical 
pelvic assessments were performed 
with patients in the supine position 
and included abdominal, digital vagi- 
nal, rectal, and combined vaginal-rectal 
examinations. Patients had full blad- 
ders for the TAU examinations. Trans- 
verse, longitudinal, and oblique scan- 
ning was performed with patients 
supine using 3.5-5-MHz real-time sec- j 
tor transducers coupled to a Hewlett i 
Packard (Andover, Mass.) 77065AR ul- "» 
trasound (US) scanner. Water enemas M 
were not used. ^ 

CT was performed using an Interna- M 
tional General Electric 8800 CT scanner S 
(Milwaukee) with the dynamic scan op* J 
tion (B7S15F dynamic scan software '9 
package). Contiguous I -cm sections 4 
were obtained that included the superi-^ 
or margin of the bladder and the level 
of the pubic symphysis. One hour be- J 
fore CT examination, patients ingested •« 
100-200 ml Gastrografin (10% sodium I 
diatrizoate, 66% meglumine diatrizoate; ^ 
Schering, Burgess Hill, United King-^ | 
dom) diluted in 1-2 litres of water (4% | 
solution vol/vol). Immediately before > 
CT, patients were given 20 mg busco- 
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Stenosis of the Vena Cava: 
Preliminary Assessment of Treatment 
with Expandable Metallic Stents^ 



To test the ability of Gianturco ex- 
pandable metallic stents to dilate 
and maintain patency in stenotic ve- 
n.ie cavae, stenosis of the inferior 
vena cava was created in seven mon- 
grel dogs by the percutaneous injec- 
tion of absolute ethanol into the 
paravascular retroperitoneal space. 
Gianturco stents, placed across the 
stenotic segment, resulted in suc- 
cessful dilatation with improved 
hemodynamics in four dogs. The 
shunts failed to dilate an occluded 
vena cava in one dog; in the remain- 
ing dogs, stent placement was com- 
plicated by early migration and oc- 
clusion. Gianturco stents were 
placed in two patients, one with su- 
perior vena cava syndrome and one 
with retroperitoneal fibrosis that 
obstructed the inferior vena cava, 
and resulted in immediate relief of 
presenting symptoms. These results 
should be viewed cautiously, but 
further investigation into the clini- 
cal use of the stents is indicated, es- 
pecially for patients for whom other 
treatments are difficult. 

Index terms: Venae cavae, grafts and pros- 
th. ^es • Venae cavae, stenosis, 569.36 

Radiology 1986; 161:295-298 
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IN recent years, several types of vas- 
cular endoprotheses have been 
developed for vascular uses. Cragg et 
al. (1) and Dotter et al. (2) used a me- 
tallic alloy (nitinol) to form coil 
grafts; Palmaz et al. (3) developed a 
balloon-assisted expandable graft 
with a thin, stainless steel, wire mesh 
in the wall; and Wright et al. (4) eval- 
uated the expandable metallic stent 
designed by Gianturco, 

The Gianturco expandable metallic 
stent is constructed of a stainless steel 
wire bent in a zigzag pattern to form 
a cylinder. The stent can be com- 
pressed and introduced through a 
Teflon catheter of 8-12 Fr, depend- 
ing on the caliber of the wire and the 
diameter of the stent. As the stent is 
released from the catheter, it expands 
to its original diameter. The expan- 
sile force varies with the caliber of 
the wire, the diameter and length of 
the stent, and the number and angle 
of the bends. 

Wright et al. (4), who studied use 
of the stent in the normal canine 
vena cava, found that proliferation of 
the endothelium covered the entire 
stent after placement. The caval lu- 
men and orifices of caval side 
branches remained patent during the 
6 months of follow-up. 

We report our evaluation of the 
ability of the Gianturco stent to dilate 
and maintain the patency of experi- 
mentally induced stenoses in the 
vena cava in dogs. We also describe 
clinical application of the stent in 
two patients with stenosis of the 
vena cava caused by tumor encase- 
ment or postsurgical and radiation fi- 
brosis. 

ANIMAL EXPERIMENT 

Materials and Methods 

Seven normal mongrel dogs, each 
weighing 20-25.5 kg, were used. Anes- 
thesia was induced and maintained with 
sodium pentobarbital (30 mg/kg). 



The stenotic vena cava was created by 
percutaneous injection of 20-30 ml of ab- 
solute ethanol through a 22-gauge needle 
into the retroperitoneal space around the 
inferior vena cava below the renal veins. 
Cavography of the inferior vena cava was 
used to guide the injection and was per- 
formed via the femoral or jugular vein ap- 
proach. We attempted to place the needle 
tip in the caval wall or the paravascular 
space rather than in the lumen before the 
ethanol was injected. 

A significant stenosis was defined as a 
50% decrease in the caval diameter or a 
pressure gradient across the stenosis o{ 
more than two times normal or 5 cm of 
saline, whichever was greater. In five of 
the seven dogs, a significant stenosis de- 
veloped 2 weeks after the injection. In 
one dog, stenosis occurred at 1 week, but 
by 2 weeks, the vena cava was occluded. 
In the remaining animal, a second injec- 
tion of ethanol was necessary to achieve 
caval stenosis in 4 weeks. 

After a significant stenosis developed, 
stents were placed across the narrowed 
segment. Three types of Gianturco stents 
were used. In the initial four dogs, a sin- 
gle stent or multiple stents of 0.044-cm 
(0.018-inch) wire, 2 cm in diameter, and 3 
cm long were used. To prevent migration, 
the stent was modified by attaching barbs 
(Fig. la), which allowed the stent to be- 
come affixed to the wall of the vessel as it 
was released from the catheter. For a long 
stenosis, two stents of similar length were 
connected by wire struts (Fig. lb). They 
provided a greater expansile force than a 
single long stent and better stabilization. 
Migration was minimized by releasing 
the leading stent while the other stent re- 
mained in the catheter. 

After a 10-F Teflon catheter was posi- 
tioned at the desired location in the infe- 
rior vena cava, the stent was compressed 
and placed into the hub end. The stent 
was advanced to the catheter tip with a 
pusher cable or catheter To release the 
stent, the pusher cable was held stable, 
and the catheter was withdrawn slowly 
until the stent was completely released 
and expanded. When multiple stents 
were placed, an attempt was made to 
bridge or overlap the adjoining stents. A 
similar catheter was used to place the 
barbed stent. 

Conventional radiographs of the dogs' 




a. b. 

Figure 1. (a) Giantxirco stent with barbs (arrows), (b) Double stent. Two stents connected 
by a wire strut (arrow) allow a greater expansile force than a single long stent and provide 
better stabilization during release. 




Figure 2. Application of stents in experimentally induced caval stenosis in a dog. (Num- 
bers in a and b represent pressure in centimeters of saline.) (a) Stenotic inferior vena cava af- 
ter injection of absolute ethanol in the retroperitoneum. Pressure gradient across the steno- 
sis was 8 cm of saline, (b) After placement of two single stents, pressure gradient was 
reduced to 1 cm of saline, (c) Pathologic specimen obtained 4 months after stent placement. 
The stents were covered by endothelium, incorporating them in the wall of the vessel. 
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Note.— Caval' dunteters'wens ih'easured at the different stenotic sites in dogs 1, X and 4 




Figure 3. Failure of the stents, (a) Early mi- 
gration resulted in a conical stent (arrows), 
(b) The closed end obstructed blood flow, 
and thrombosis developed. 



abdomens were obtained at 1, 2, 7, and 14 
days after stent placement. Inferior cavo- 
graphy and pressure measurements above 
and below the stenosis were performed at 
monthly intervals for 4 months. Mo anti- 
coagulants or antiplatelet agents were 
given to the dogs during the follow-up 
period. The dogs were killed when the 
stents failed or 4 months after placement. 
Pathologic examination of the retroperi- 
toneum and inferior vena cava was per- 
formed. 



Results 

The stents were successfully placed 
across the stenosis, and the patency of the 
experimentally induced stenotic inferior 
vena cava was maintained in four of the 
seven dogs. There was an immediate in- 
crease in the caval diameter, varying from 
2 to 5 mm after stent placement (Table 1). 
Although the inferior vena cava did not 
expand to its original diameter or to that 
of a fully expanded stent, it did expand 
up to another 3 mm in diameter from the 
time of placement to the time of sacrifice 
(Fig. 2). None of the stents migrated. 

There was resolution of the pressure 
gradients in three of the four dogs; one 
did not have a significant pressure gradi- 
ent before stent placement. Normal pres- 
sure gradients were maintained through- 
out the 4-month follow-up in all four 
dogs (Table 2). 

Pathologic examination of the inferior 
vena cava in these four dogs demonstrat- 
ed the stents to be incorporated in the ca- 
val wall (Fig. 2). Endothelial proliferation 
completely covered the stents in all. 
There was no clot formation. The orifices 
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Figure 4. Case 1. (a) Computed tomo- 
graphic scan of the mediastinum dem- 
onstrates a mass compressing the tra- 
chea and superior vena cava, (b) 
Radiograph of superior vena cava 
shows stenosis, (c) Four stents were 
placed in the superior vena cava (ar- 
rows) and one stent in the distal tra- 
^ mi- chea to support the myocutaneous graft 

/s). (arrowheads) (see text). Immediate 

symptomatic relief was noted after 
stent placement, (d) Pathologic speci- 
men shows the stents in the superior 
vena cava, which is encased by tumor 
(arrow). Superior vena cava was patent 
with no clot formation. 
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of the veins that were bridged by the 
stent remained patent. 

In the other three dogs, the stents 
failed to dilate the stenotic vena cava and 
resulted in occlusion. In the first of these 
three dogs, an attempt was made to place 
the stent across an occluded inferior vena 
cava. The stent could not reestablish the 
lumen but perforated the inferior vena 
cava, which resulted in retroperitoneal 
abscess. In the remaining two, attempts to 
place the barbless stents across the tight 
stenosis were complicated by migration 
as the stents were released from the cath- 
eter. The stents formed a cone, with the 
distal end expanded in the normal inferi- 
or vena cava and the proximal end closed 
in the stenotic portion (Fig. 3). This 
closed, proximal end obstructed blood 

flow, resulting in thrombus formation. 

CLINICAL APPLICATION 
Casel 

Severe stridor and a superior vena 
.:ava syndrome developed in a 42-year- 
old woman secondary to a poorly dif- 
ferentiated carcinoma of the trachea in- 
volving the mediastinum that did not 
respond to radiation therapy. Surgical 
debulking was attempted to alleviate 
her symptoms. The distal trachea was 
partially resected and reconstructed 
with a myocutaneous graft. However, 
rhe myocutaneous graft collapsed with 
each inspiration, and the patient re- 
quired the assistance of a positive pres- 
sure respirator to breathe. The superior 
vena cava syndrome persisted. 



Superior cavography demonstrated 
stenosis of both innominate veins and 
the superior vena cava at their injunc- 
tion. An attempt to dilate the stenosis 
with two angioplasty balloon (9-mm- 
diameter) catheters was not successful. 

Four regular barbless stents, each 3 
cm in diameter and 3-cm long, were 
placed in the right innominate vein 
and superior vena cava (Fig. 4). Anoth- 
er stent was placed into the distal tra- 
chea to prevent the collapse of the 
myocutaneous graft. 

After stent placement, there was im- 
mediate relief of the superior vena cava 
syndrome, and the patient was able to 
breathe without assistance. Systemic 
chemotherapy was instituted but re- 
sulted in severe myelosuppression and 
sepsis. She died 3 weeks later. At au- 
topsy, the superior vena cava was pat- 
ent, and no clot formation was seen on 
the stents. The tracheal stent main- 
tained the patency of the myocutan- 
eous graft. 

Case 2 

An 82-year-old woman was admitted 
with edema of both legs and the lower 
abdomen. She had had a retroperitone- 
al leiomyosarcoma that had been treat- 
ed with surgical resection and radiation 
therapy 8 years prior. She also had had 
chronic pancreatitis and retroperitone- 
al fibrosis that necessitated a choledo- 
chojejunostomy to relieve an obstruc- 
tive jaundice 8 months before she was 
admitted with edema. 

Inferior cavography demonstrated a 
marked stenosis of the vena cava at the 
level of L-4 with paravertebral collater- 
als. The pressure gradient across the 
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stenosis was 20 cm of saline. 

Three barbless stents, each 2.5 cm in 
diameter and 3-cm long, were placed 
across the stenosis (Fig. 5). Immediately 
after stent placement, the pressure gra- 
dient was reduced to 10 cm of saline. 
However, one stent migrated and 
lodged in the hepatic segment of the 
inferior vena cava. On the next day, 
that stent migrated into the right ven- 
tricle, necessitating the placement of a 
bird's nest filter in the inferior vena 
cava to prevent migration of the other 
stents. Additional stents with a larger 
diameter (3 cm) were placed across the 
stenosis. 

The edema of the legs disappeared 
and did not recur. The patient experi- 
enced no clinical problems related to 
the stent lodged in the ventricle. She 
died 5 months later with progressive 
disease in the retroperitoneum and ab- 
domen. At autopsy, the inferior vena 
cava (encased by the recurrent tumor) 
was widely patent, maintained by the 
stents, and was free of clot formation. 
The stent in the right ventricle was 
covered by endocardium with no clot 
formation. 
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DISCUSSION 

The results of this animal experiment 
I limited clinical experience should 
oe interpreted with caution. It ap- 
peared that in both the women and the 
dogs the stents had not expanded to 
their fullest diameters or to the original 
diameters of the vena cavas. However, 
they had allowed enough blood flow 
through the stenoses to decrease the 
pressure gradients. In case 2, the expan- 
sile force of the stent not only immedi- 
ately neutralized or relieved the extrin- 
sic compression from fibrosis or tumor 
on the vessel wall but also prevented 
progression of the stenosis. 

The stents failed when they were 
placed in a thrombotic or occluded ves- 
sel. The presence of blood clot or intra- 
luminal tumors may limit the use of the 
Gianturco stent. An intraluminal tumor 
will probably grow around the wires of 
the stent. Lysis of the blood clot by 
thrombolytic agents could be helpful 
before stent placement. Placement of 
the stent into a tight stenotic lesion 
may not adequately expand the lumen 
to allow sufficient blood flow, which 
would result in thrombosis. In such in- 
stances, balloon dilatation before stent 
placement should be considered/' 
Early migration of the stents oc- 
urred in two dogs. When released 
om the catheters, the stents tended to 
spring into the nonstenotic portion of 
the vessel and formed a cone, the nar- 
rowed end of which obstructed blood 
flow and resulted in thrombosis. To 
avoid early migration, double stents 
and barbed stents were used. As the 
leading stent was released from the 
catheter, the other remained within it, 
which allowed slight manipulation or 
change in position and thus better sta- 
bilization. 

The stent in case 2 most likely mi- 
grated because the size of the inferior 
vena cava was underestimated. As dem- 
onstrated on the radiograph of the in- 
ferior vena cava obtained before stent 
placement, the caval diameter above 
the stenosis was only 1.2 cm, compared 
with the diameter of 2.5 cm after place- 
ment of the stents. Thus, a 2.5-cm diam- 
eter stent was apparently too small. To 
prevent such migration, the selection 
of the proper stent diameter and use of 
a barbed stent are recommended for 
fixation of the stent to the caval wall. 

The expansile force of the stent in- 
creases with an increase in the caliber 
of the wire, in stent diameter, and in 
the number and angle of wire bends. 
However, an increase in length will de- 
ease the expansile force. The expan- 
sile mechanism and the introduction of 
the Gianturo stent are much simpler 
than those of grafts made of nitinol 
wire. It spontaneously returns to its 
original shape after release without the 
changes in temperatures required in 




Figure 5. Case 2. (a) Radiograph 
of inferior vena cava demonstrates 
the stenotic site (arrow) with para- 
vertebral collaterals, (b) After 
placement of the stents, the inferi- 
or vena cava expanded, and the 
collaterals disappeared. A stent 
migrated to the hepatic segment 
of the inferior vena cava (arrow- 
heads), (c) One day later, the stent 
migrated farther and lodged in 
the right ventricle (arrows) with- 
out clinical consequences, (d) 
Pathologic specimen shows the 
stent in the right ventricle, cov- 
ered by endocardium. There was 
no clot formation (arrows). 



use of nitinol wire. Its expansile mech- 
anism is also simpler than that of the 
Palmaz graft, which uses an angio- 
plasty balloon to expand the graft. The 
ability of the Gianturco stent to expand 
slowly over time may also offer an ad- 
vantage over the other types of stents. 

Conventional treatment for stenosis 
of the vena cava secondary to tumor 
encasement is radiation therapy or che- 
motherapy (5-8). Successful relief of 
superior vena cava syndrome has been 
reported in as high as 94% of patients. 
Resolution of the signs and symptoms 
may have a latent period up to 3 weeks 
(5). For stenosis from surgical or postra- 
diation fibrosis, the treatment is more 
difficult. Bypass surgery or surgical 
correction is considered a major under- 
taking and may not be worth the effort, 
particularly in patients who still have 
residual or recurrent tumor (9). 

Clinical application of the Gianturco 
stent seems appropriate for further in- 
vestigation, particularly in patients 
with a vena cava that is stenotic be- 
cause of encasement from a tumor that 
has not responded to radiation therapy 
or chemotherapy or because of postsur- 
gical and radiation fibrosis. ■ 
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Tracheobronchial Trees 
Expandable Metallic Stents Used in 
Experimental and Clinical Applications^ 

: '^c'-ir Work in Progress 




An expandable stainless steel stent 
was formulated for use in the treat- 
ment of tracheobronchial stenosis, 
tracheomalacia, and airway collapse 
fcllowing tracheal reconstruction. 
The 'Us were placed through an 
endotracheal tube into the trachea 
and bronchi of U healthy dogs. The 
stents expanded over time, substan- 
tially increasing the diameter of the 
lumen. Slight migration occasional- 
Iv occurred, while an inflammatory 
reaction was noted in each animal. 
The stents were successfully used in 
the t:=.2:ment of two cancer patients 
to dilate a postoperative bronchial 
stenosis that caused pneumonia and 
to support a tracheal graft that col- 
lapsed with respiration. Because of 
the stent migration in experimental 
studies, designs are being tested to 
develop stents with greater stabil- 
ity. T':ese stents may be effective in 
overcoming stenosis caused by scar- 
ring, extrinsic compression, and col- 
lapse of reconstructed tracheobron- 
chial structures. 

Index terms: Bronchi, stenosis, 671741 • Tra- 
chea, diseases • Trachea, intubation, 671.456 • 
Trachea, stenosis 

itadio;;>i;y 1986; 158:309-312 
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cv ot the .lirway in pjtieius 
with tracheobronchial stenosis -ra- 
choomalacia, and airway collapse roi 
lowing tracheal reconstruction has 
stimulated the search tor an aJequatc 
stent (I-IO). The expandable stainless 
steel stent for intravascular use de- 
vised bv Gianturco and reported b\ 
Wright et al. seemed appropriate tor 
turther investigation in the tracheo^ 
bronchial tree (III. We report our 
perimental studies with placement or 
stents in the trachea and bronchi ot 
dogs and the initial clinical applica 
tion in two patients. 

MATERIALS AND METHODS 
Expandable Stent 

The stents were constructed ot O.Olb- 
inch stainless steel wire termed in cylin 
drical zig-7.ag configuration of five to tor 
bends (Fig. I). The relaxed dianieter ot 
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Figure 1. Expandable stainless steel stent, (a) Stent in a IZ-F Teflon cartridge (b» Fuilv o.^ 
panded stent after release from the cartridge. 
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Alter :h'j - irst .^rojp Jt eight jnimaU 
AMs -iciidiea. -itents .ver;? Dlaced in the tra- 
;;heopro!K"a:a! :ree -i second group ot 
three .ioi;s a ith the idditiun ot intramus- 
cular -intibiorics penicillin G procaine, 
150,000 units Jav tor 4 days before and 
300.000 anils every other day tor 3 weeks 
after the >ten: jiacement). These dogs 
were roHitwed ror 5--S weeks, killed, and 
evaluated i:' \ similar manner. 

RESULTS 
Radiographic Examination 

In the rirsc group ot dogs, multiple 
stents -A ere placed in the trachea and 
bronchi in all eight, in the bronchus 
in six. lower trachea in si.x, midtra- 
chea in tour, and upper trachea in 2. 
The stent placed in the bronchus did 
not migrate in tive ot the six animals, 
while in the remaining dog, the stent 
moved ^.5 cm up into the trachea 
during the last 4 weeks of the 3-week 
follow-up after an episode of cough- 
ing. The stents in the lower trachea 
migrated in five of the six animals, 
ranging from 2.0 cm up to 4.3 cm 
down the trachea and frequently 
straddling the bifurcation. The stents 
positioned in the midtrachea moved 
in all four dogs, from 0.7 cm up to 3.0 
cm down the trachea. In the two dogs 
in which the stent was deposited in 
the upper trachea, the downward mi- 
gration was 1.5 cm and 27 cm. 

The tracheobronchial tree expand- 
ed at each site where the stent was 
placed. The bronchus dilated 0.7-1.3 
cm, while the trachea enlarged 
0.6-1.9 cm (Figs. 2, 3). 

The esophagus, as studied during 
barium examination, exhibited 
slowed or impaired peristalsis and 
appeared more flaccid in three of the 
eight animals. The overexpanded 
segments of the trachea at the stent 
sites impinged on the esophagus, cre- 
ating areas of relative narrowing 
with dilatation above. 

In the second group, which re- 
ceived antibiotics, stent migration oc- 
curred in two of the three dogs, mov- 
ing upward 1.5 cm and 3.5 cm. The 
trachea expanded 0.7-1.4 cm, while 
the bronchus dilated 0.5-0.7 cm 
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a. b. ^• 

Figure 2. Endotracheal stent in a dog. (a) Two stents loined by .» wire strut immediately .it- 
ter placement in the trachea, (b) Stent, I week later, (c) Note proj^ressivc expansion uf stent 
month later 




a. b. 

Figure 3. Combined endotracheal and endobronchial stent m \ dov;. immedi- 
ately after placement (a) and I month later (bK 
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Hgur. 4. Case I Radiographs of man with postoperative bronchial stenosis treated with stents, (a) Pneumonia ot the righ" f '"flJ'' ^.r^", 
■I. : . ulmonan. lobes aLda.ed with stenosis of the right bronchus at the site of anastomosis. ^ Thre.^^n s .^re P 
r'ro.-.civos and otie in the distal trachea, (c) Note slight migration of bronchial stent 1 -.veck later (d) One month uter .tents nav . .em 
•n position Right bronchus is dilated, and pneumonia has cleared. 
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tilled with necrotic debris was noted, 
presumably caused by a strut of the 
stent. 

Comment 

The experimental data showed that 
it was possible to place stents in the 
tracheobronchial tree of dogs. At the 
site of the stents, the trachea and 
bronchi had been gradually dilated 
to a diameter approximately one- 
third greater than before stenting. In 
the dogs, we were not able to avoid a 
localized inflammatori' reaction us- 
ing procaine penicillin. The displace- 
ment of the stents indicated the need 
for better fixation. ' 

It was also obvious that the clinical 
use of these intratracheal and intra- 
bronchial devices was justified to 
maintain or reestablish an adequate 
airway. This was the case in the fol- 
lowing two clinical reports, 

CLINICAL EXPERIENCE 

Cii:>i J, — A r5-year-oid man with squa- 
mous cell carcinoma of the upper lobe of 
tlu* right lung was treated by a sleeve re- 
.<ection. The anastomosis of the right 
main-stem bronchus and the bronchus in- 
lermfdius was complicated by a stenosis, 
0.5 cm in diameter, and chronic pneu- 
monitis beyond the obstruction (Fig. 4). 
Bouginaj;L' and balloon dilatation were 
pertormed with no significant improve- 
ment (12). 

With the patient under general anes- 
thesia, a bronchoscope was placed with 
the tip positioned above the tracheal bi- 
furcation. With fluoroscopic guidance, a 
Ion catheter was passed through 
the bronchoscope to the area of the steno- 
sis. Two metallic stents, 2.5 cm in diame- 
ter and 2.5 cm in length, bridged the ste- 
nosis, and one stent. 4 cm in diameter and 
2.5 cm in length, was deposited at the tra- 
cheal bifurcation. 

Only one stent migrated slightly, 0.5 
cm. After stent placement, there was no 
respirator)- difficulty, such as coughing, 
hemoptysis, or other signs of tracheo- 
bronchial irritation. The pneumonia 
cleared in I month. The stenotic bron- 
chus, initially 0.5 cm in diameter, gradu- 
ally distended, reaching 1.5 cm in 4 
months. 

At bronchoscopy at monthly intervals, 
the bronchus was patent, and the diame- 
ter of the right bronchus eventually be- 
came 0.5 cm greater than the left. There 
were no inflammator\' changes in the 
right bronchus or at the tracheal bifurca- 
tion. Slight pressure effect was noted 
about thv stent with mucosal overgrowth. 

The patient died of cerebral metastases 
r months after the stents were introduced 
into the bronchus. An autopsy was not 
performed. 

G;sc- 2. — A 4 2 -year-old woman was ad- 
mitted with severe stridor and with a su- 
perior vena cavai syndrome due to a 



poorly differentiated carcinoma of the 
distal trachea with mediastinal extension. 
Treatment was instituted by surgical de- 
bulking in an attempt to alleviate the pa- 
tient's complaints. The distal trachea was 
partially resected just above the origin of 
the right main-stem bronchus. Recon- 
struction was accomplished with a myo- 
cutaneous flap. Postoperatively, the tra- 
chea collapsed at the graft site with each 
inspiration, necessitating the assistance of 
a positive pressure respirator. The superi- 
or vena caval syndrome persisted in the 
areas drained by the superior vena cava. 

With the patient under genera! anes- 
thesia and with fluoroscopic guidance, a 
12-F Teflon catheter was placed through 
the tracheostomy tube with the tip rest- 
ing just above the tracheal bifurcation 
and the reconstructed site. A single stent, 
4 cm by 2.5 cm, was deposited at the site 
of the graft. The stent furnished support 
to this area, immediately relieved the pa- 
tient of respiratory distress, and obviated 
the need for the respirator. In addition to 
the tracheal stent, stents were placed in 
the superior vena cava. In the following 
days, the swelling secondary to venous 
compression disappeared. After these en- 
couraging results, the patient underwent 
chemotherapy but succumbed to toxicity 
3 weeks later. 

At postmortem examination, there was 
no evidence of tracheitis. The tracheal 
stent remained in situ, and the superior 
vena cava was patent. 

DISCUSSION 

Tracheal stenosis has resulted from 
vehicular accidents, prolonged tra- 
cheal intubation, extensive burns, 
and tumor resection. Extrinsic com- 
pression secondary to mediastinal 
and neck neoplasms, vascular rings, 
and anomalous vessels also may be 
responsible for tracheal stenosis 
(3-5). Tracheomalacia, either primary 
or secondare', may cause physiologic 
stenosis, and maneuvers such as cry- 
ing, straining, and coughing increase 
the likelihood of tracheal collapse 
(7). 

Tracheal resection of up to 7 cm 
and end-to-end anastomosis is the 
treatment of choice for stenotic le- 
sions of the trachea (5). In addition, 
intrinsic mural or external support- 
ive stents— composed of auricular 
cartilage, hyaline rib cartilage, uri- 
nary bladder graft with associated os- 
teogenesis, plastic such as Teflon and 
polyethylene, and silicone rubber 
tubes— have been used to maintain 
the patency of the reconstructed tra- 
chea (5, 6, *7, 9, 10, 13. 14). The ex- 
pandable metallic stent may provide 
an alternative method for the treat- 
ment of tracheobronchial stenosis, ei- 
ther as a primary- treatment, in con- 
junction with surgical reconstruction, 
or when reconstruction has failed. 



The stainless steel stent can be 
fashioned as to e.xpansile properties-, 
length, and diameter to suit the spe- 
cific requirements. In our animal ex- 
periments, overdistention was done 
purposefully to demonstrate the pro- 
gressive expansion caused by the 
stents. This progressive expansion 
should be effective in overcoming 
stenotic areas caused by scar forma- 
tion, extrinsic compression of the tra- 
chea and bronchi, and collapse of tiie 
reconstructed tracheobronchial struc- 
tures. 

While tracheitis occurred at the 
stent site in all dogs, infection did 
not complicate the stent site in our 
two patients. These patients were re- 
ceiving similar antibiotic coverage as 
part of their overall treatment. In ad- 
dition, there were no symptoms or 
signs of tracheal irritation in the two 
patients. Although minimal stent mi- 
gration occurred in the patients, it 
did not cause any clinical problems. 
Because the stents migrated in the 
dogs, we are testing stent designs 
that should result in greater stability 
of these devices. ■ 
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Expandable intraluminal vascular 
graft: A feasibility study 

Julio C. Palmaz, M.D., Randy R. Sibbitt, M.D., Fermin O. Tio, M.D., 

Stewart R. Reuter, M.D., J.D.. Joseph E. Peters, M.T., and Francisco Garcia, M.D., 

San Anlonia, Texas ' ' 



An expandable intraluminal graft mounted ccaxially over an anpopiasty balloon 
catheter was used in dog arteries. The graft, a cvire mesh tube that has the ability to 
retain Us expanded shape, opposes elastic recoil of the arterial wall after maximum 
balloon inflation. Eighteen grafts ujere placed in the abdominal aorta and iliac 
lemoral^ renal, superior mesenteric, and carotid arteries of eight dogs through femoral 
or carotid arteriotomies. Two grafts were placed m areas of artificially induced Uenos^s 
completely restoring the lumen. Overall patency rate at 35 weeks ujas 77% 
Histopathologic examination of patent grafts showed complete endothelialization at ^ 
weeks^ Tne smaller cahber grafts and those that had outflow obstruction showed 
significant degrees of intimal hyperplasia. 

From ihe Departmcnis of Radiology and Pathology^ ihe Lniversuv >} Tfxas Health ^aerc. 
Center San Antonio and the ludie L ^lurfmy Veterans Admmistration Uospiial 
icin Antonio, Texas 




Pekcutankols ualloon oilatation of elastic vascular 
stenoses tends to be inefTective if the expanded diameter 
of the angioplasty balloon has the same diameter as che 

djacent normal vessel. The failure of the elastic recoil 
of the wall is due to the fibrocollagenous nature of the 
lesion to be dilated. This is particularly true m 
synthetic graft-vessel anastomotic fibrous hyperpla- 
sia'' and other fibrous vascular lesions such as 
Takayasu's arteritis and neurofibromatosis.-' ' In an 
attempt to overcome elastic recoil in lesions that arc 
usually refractory to balloon dilatation, we have devel- 
oped an expandable intraluminal graft that allows 
simultaneous dilatation of the stenotic lesion and 
prevents recoil of the arterial wall. 

CONSTRUCTION OF THE GRAFT 

The expandable intraluminal graft is made of con- 
tinuous, stainless steel wire woven in a criss-crossed 
tubular pattern. Wire of 0.15 mm thickness was used 
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Fig. 1. Schcmauc drawing oi ihe baiioon-m(*un.cri -^i -ui .n 
the collapsed ind expanded uaies. 



for grafts 4, 5, 6. and 8 mm m diameter, and 0.20 mm 
wire was used to construct a 10 mm graft The length 
of all grafts was 20 mm except for a single 50 mm iong 
graft. The thickness of the graf-. wall did .lot exceed 
0.45 mm for the 10 mm graft and 0.2 mm for ihe 
smaller grafts. After construction, :he graft was care- 
fully compressed to less than one third of ;he initial 
diameter, avoiding overlapping of adjacent wires, and it 
was mounted coaxially over a tightly folded angioplasty 
balloon, allowing minimal increase in diameter The 
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Tabic L Graft data 



GtoJi duinxctcT 
(mm) 


Artery location 
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External iliacf 
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5* 


External iliacf 


30 Min 


0 
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34 


6* 


Carotid 
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Superior mesenteric 
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Superior mesenteric^ 


2 Hr 
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A 
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Renal 
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Acute occlusion with recannalization 
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Internal iliac 
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Caroiidf 


35 Wk 
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8* 


External iliac 




Acute occlusion 
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External iliac 


30 Wk 


15 


8* 


External iliacf 


3 Wk 


0 


10 


Infrarenal aortaf 


34 Wk 


30 


10* 


Infrarenal aortaf 


17 Wk 


0 



'Clnfi removed for hisuipathtiltt^ic cxaminatitin. 

tlntnvcntius ^iystcmii: hcpiiriniz^iiiiin used at time tif i;raft placement. 

tl*:int;il thrttmbtisis immediaiely after placement. 



mounted graft was retained in place on the balloon 
catheter during manipulation by the use of leading and 
trailing retainers at both ends of the balloon (Fig. I). 
Eight and 10 mm grafts were introduced through 12F 
Teflon sheaths, and 8F sheaths were used for the 
smaller grafts. The woven mesh allows for 20% to 30% 
variability in the expanded diameter, therefore the 
inflated balloon diameter determined the diameter of 
the fully expamdcd graft. 

EXPERIMENTAL MATERIAL AND METHODS 

Eighteen grafts with diameters of 4, 5, 6, 8, and 10 
mm were placed in major arteries of eight 45- to 
60-pound dogs under halothane anesthesia (Table I). 
The graft diameter was chosen from the five available 
sizes to match the angiographic diameter of the target 
vessel after correction for magnification. The balloon- 
catheter assembly was introduced through femoral or 
carotid arteriotomics that were repaired after the 
procedure (Fig. 2). The first nine grafts were installed 
without the use of heparin. Systemic heparinization 
(50 U/kg) was used immediately before the introduc- 
tion of the other nine grafts. No long-term anticoagu- 
lation or antiplatelet medication was used. 

Serial arteriography was performed before and after 
graft introduction and at 2-wcck intervals for as long as 
18 weeks. Thereafter arteriography was repeated at 



monthly intervals. Twelve of the . 1 8 grafts were 
removed with adjacent anery segments for histologic 
examination at intervals that ranged from 30 minutes 
to 17 weeks (Table I). The remaining six grafts are 
being followed for an extended period of time. The fact 
that we removed only one graft at each time interval 
determined that each histopathologic observation was 
done only once for a graft of any given age. Undoubt- 
edly, more solid data could have resulted from fewer 
study intervals on the same number of grafts. Never- 
theless, because this was a preliminary study, we used 
the largest possible number of observations in an 
attempt to better understand the chronology of the graft 
healing process. Hcmatoxylin-eosin, trichrome, and 
elastin stains and transmission and scanning electron 
microscopy were performed on the specimens. 

Decrease of the graft's lumen by thrombus or 
neointimal hyperplasia was assessed on arteriograms 
by subtracting the diameter of the opacified lumen 
from the diameter of the radiopaque wire graft. 
Because the graft is rigid, no change occurred in lumen 
diameter when intraluminal pressure was removed. 
Therefore the thickness of the material interposed 
between graft and lumen was the same when measured 
directly on the fresh specimen or on the aneriogram 
after corrcrtion for magnification. 

A preliminary study was done to investigate the 
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Fig. 2. A, Collapsed cathcicr-graft assembly before inflation in the lower lefi v:ommon carotid irtcrv -jl -i (to^ 3, 
Follow-up arteriogram of the grafted site 17 weeks after placement. 



ability of the grafts to oppose elastic recoil. Rubber 
bands were tied around surgically exposed infrarenal 
abdominal aortas of two dogs. A 10 by 20 mm graft and 
a 10 by 50 mm graft were then introduced across the 
obstruction and expanded to achieve complete restora- 
tion of the lumen. 

RESULTS 

Four grafts (two 5, one 6, and one 8 mm in diameter) 
became occluded during the first 7 weeks. The patency 
rate remained unmodified thereafter for as long as 35 
weeks (Fig. 3). Two of the graft occlusions occurred 
immediately after placement (Table I). One occurred 
in a renal artery that became kinked because of an 
excessively long graft causing decreased fiow. Never- 
theless it was found to be recannalized 2 weeks later 
The second acute thrombosis occurred in an iliac graft 
as a result of decreased blood flow caused by a faulty 
aneriotomy repair in the ipsilaterai femoral artery. 

Outflow restriction was recognized at the time of 
placement in the two delayed occlusions. Severe renal 
artery branch spasm caused by excessive catheter 
manipulation caused thrombosis of a renal graft, and 
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tion after initial thrombosis. 

an inadequate aneriotomy repair -homboscU .m .psiiar - 
eral femoral graft. All of the grafts chat :hrombosed 
were placed in nonheparinized dogs. No evidence 
thrombosis was found among grafts placed in svstcmi * 
cally heparinized animals. 

Allowing for ihe small numbci- oi jbscrvaiions, the 
degree of intimal hyperplasia t*cs;ricting the ^raft 
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Fig. Transverse section of a 6 mm iliac .irtery graft 12 
weeks after placement. A moderate amount of intimal 
hyperplasia covers the graft. 

lumen was inversely proportional to the transverse 
diameter of the graft (Fig. 4). In general, the grafts that 
had low-grade intimal thickening were deployed with- 
out restriction of the outflow vessel, such as the carotid 
artery grafts introduced through femoral arteriotomy 
and the iliac artery grafts introduced through carotid 
arteriotomy. 

The two aortic grafts that were placed across 
obstructions caused by external placement of rubber 
bands remained completely expanded with the bands in 
place. The aortic branches arising within the grafted 
area remained patent on follow-up arteriography and 
direct inspection. 

Examination of the inner surface of the graft 
removed at 30 minutes and 2 hours after placement 
showed concentric lining of red thrombus over the 
graft. The graft examined at 5 days had a thin layer of 
fibrin coating the mesh wire and inner surface of the 
artery (Fig. 5). At 3 weeks the mesh wire could be seen 
through a translucent, glistening lining, continuous 
with the inner surface of the adjacent artery. At 8 
weeks the mesh was uniformly covered by a smooth, 
whitish, opalescent layer. 

Light microscopy studies of the specimens obtained 
at 5 days demonstrated a layer of fibrin with early 
organization covering the luminal surface of the graft. 
The media of the artery showed pressure necrosis and 
loss of clastic lamellae adjacent to the wires. Inflamma- 
tory infiltration was present in the advcntitia. At 3 
weeks a completely endotheliaiized ncoiniima covered 
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Fig. 5, Longitudinal sections of grafted arteries removed at 
5 days (top) .3 weeks (mifldle) .md 3 weeks (bottom) 



the graft. Ncovascularity was present around the wires 
of the mesh. The media was partially replaced ■)y 
fibrocollagenous tissue and the adventitia had less 
inflammatory infiltrate. From 8 to 17 weeks rhe 
ncointima showed further organization and the ncovas- 
cularity surrounding the wires was less prominent. 
The media was further replaced by fibrotic tissue and 
the adventitia had even fewer inflammatory changes 
(Fig. 6). The lumen of the grafts that had delavf^d 
occlusion was occupied by intimal hyperplasia. 

Transmission electron microscopy demonstrated 
endothelial lining with tight junctions as early as 3 
weeks. Scanning electron microscopy of the intimal 
surface at 3 weeks showed complete endothelial cover 
with orderly orientation of the cells in the direction of 
flow (Fig. 7). 
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DISCUSSION 

Intraluminal grafting of vessels was first used exper- 
imentally by Dotter^ in 1969. His graft, made of coiled 
stainless steel wire, was introduced in the femoral 
artery of dogs, mounted coaxially over a guide wire and 
positioned with a pusher catheter. This early device 
and the ones that followed'^'' also consisted of tubes 
formed by coiled wire. More recently a spring-loaded 
arterial stent consisting of stainless steel wire in a 
zigzag pattern was described by Wright et al.'" All 
these grafts were designed to be placed in a location 
remote from the site of introduction ajid positioned 
with the aid of fluoroscopy. Since the grafts must be 
introduced through peripheral vessels in a collapsed 
form, the ability to expand after deployment is based on 
a spring action'-'^ or a heat-sensitive memory of the 
metai.*^ Unfortunately, the size of these grafts in the 
final or expanded state is predetermined and cannot be 
changed after deployment. In case of miscalculation of 
the diameter of the targeted vessel, an undersized graft 
might migrate while an excessively lai^e graft might 
rupture the vessel. By contrast, the balloon-mounted 
expandable graft allows controlled dilatation of the 
stenotic area and, at the same time, controlled expan- 
sion of the graft. The ability of the graft to oppose 
recoil after expansion is because the cross points of the 
woven mesh are soldered. Since the expanded graft 
opposes elastic recoil, no need exists to prolong the 
balloon inflation after reaching the desired degree of 



expansion. This is an important feature of the balloon- 
mounted expandable graft because the extent of endo- 
thelial denudation during transluminal angioplasty is 
proportional to the balloon inflation time." In theory, 
the amount of preserved endothelium should be large 
because in the expanded state 80% of the graft wall is 
open surface. Intact patches of endothelium between 
the mesh wires may result in a rapid, multicentric 
endothelialization pattern as shown by studies of the 
grafts demonstrating complete endothelial cover at 3 
weeks. This is in contrast to endothelialization of other 
synthetic grafts in dog arteries that take several months 
to complete. Side branches arising at the level of the 
graft were patent on angiography and confirmed 
histologically. Considering the large proportion of open 
surface area in r.he graft, these fingings arc not 
unexpected. 

The thromboses that (Kcurred among the first nine 
grafts motivated the use of systemic heparinization in 
the last nine graft placements. Nonetheless, delayed 
occlusion resulted among those grafts that had poor 
outflow From these experiments, it is clear that 
heparin does not prevent occlusion of grafts with low 
flow and that best results were obtained in ^hose 
without flow restriction. 

Despite the small sample size, correlation between 
the degree of intimal thickening and the graft diameter 
was good (Fig. 3). As with other synthetic grafts, the 
smaller expandable grafts exhibited rhe largest degree 
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Fig. 7. Scanning electron microscopic view of the inner 
surface of a 3-v/eek graft lined by endothelial cells arranged 
in the direction of flow (Original magnification X1400.) 

of luminal narrowing. Those grafts that exhibited 
marked intimal hyperplasia had a reduction of the 
outflow of the graft caused by vessel kinking or 
inadequate arteriotomy repair. In most cases the out- 
flow reduction was recognized before the hyperplasia 
occurred, suggesting that the latter may be the resuh 
rather than the cause of the flow restriction. Those 
grafts with minimal degrees of hyperplasia had no 
compromise of the outflow. This agrees with observa- 
tions of other investigators who have shown that low 
blood flow in vein grafts enhances intimal hyperpla- 
sia.'-^'- 

One disadvantage inherent in this graft configura- 
tion is the lack of longitudinal flexibility, which limits 
its use to straight vascular segments or in curved vessels 
requires short graft lengths. In two of our experiments 
an excessively long graft caused kinking and partial 
thrombosis. Another potential problem is the lack of 
radial compliance in the graft. This could result in 
compliance mismatch at the transition zone with adja- 
cent vessel inducing neointimal proliferation. Never- 
theless, intimal hyperplasia did not occur at the graft 
ends. Instead, even those grafts with marked degrees of 



luminal narrowing had diffuse intimal thickening 
when examined histopathologically. 

More meaningful data regarding graft patency could 
have been obtained if all grafts were placed in the same 
artery after introduction from a site far removed from 
that artery. However, our objective was to evaluate the 
potential of coaxial grafting by trying several graft sizes 
in diff'erent arteries. We focused our main interest on 
small-caliber grafts, from which we had rather poor 
results. We have solved some of the problems of graft 
rigidity by replacing the woven mesh with a lath design 
obtained by electromechanical etching of thin-walled 
stainless steel tubing. This results in a more delicate 
mesh with very low profile and uniform collapsed 
dimensions, more appropriate for small vessel use. 
Further research is currently underway with this new 
material. 

A.t the time of publication the six remaining grafts have 
been patent for periods ranging from 15 to 18 months. No 
change in their luminal diameter was observed in the 
follow-up arteriograms. 

We thank Cono Farias for the photographic work. 
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Injertos distensiblcs 

En arierias caninas se utilizaron injertos intravasculares distensibies montados en 
forma coaxial sobre un cateter de angioplastta. El injertojormado por un tubo de 
malla de alambre, que tiene la posibilidad de retener su forma distendida, se opone al 
retomo^ de la arteria elastica despues de haber realizado la infiacibn maxima del globo 
del cateter. Se colocaron 18 injertos en las arterias aorta-abdominal, iliaca, femoral, 
renal, mesentkrica superior, y carbtida de 8 perros. Para realizar la implantacibn se 
utilizaron arteriotomias carotideas o femorales, Se colocaron 2 injertos en zonas de 
estenosis producida artificialmente restableciendo totalmente la luz del vaso. A las 35 
semanas el porcentaje global de permeabilidad de los injertos fue de 77%. El examen 
histopatologico de los injertos permeables mostraron endotelizacibn a las 3 semanas. 
Los injertos de menos calibre y aquellos que tuvieron obstruccibn al jiujo de salida, 
mostraron grados significativos de hiperplasia de la intima. 
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Expandable Intraluminal Graft: 
A Preliminary Study 

Work in Progress ^ 



To overcome the problem of recurrence 
of stenosis after vascular balloon dilata- 
tions, we developed an expandable, intra- 
luminal graft that allows dilatation of the 
lesion and simultaneous placement of a 
supportive endoprosthesis to prevent re- 
coil of the arterial wall. The graft is made 
of continuous, woven, stainless steel 
wire. The resulting tubular mesh has a 
wall thickness of 200-450 /im and 80% 
open surface. The grafts, mounted on an- 
gioplasty catheters, are introduced 
through 8-12-F Teflon sheaths. Eleven 
grafts of 6, 8, and 10 mm in diameter by 
20 mm long were placed in the aorta, 
common carotid, superior mesenteric, 
iliac, and renal arteries of dogs. Six grafts 
showed no stenosis in follow-up studies 
of up to 8 weeks. Two grafts had moder- 
ate stenosis as a result of neointimal hy- 
perplasia. Two partial and one complete 
graft thrombosis occurred in nonheparin- 
ized animals in which the graft outflow 
was restricted. Anticoagulant was not 
used on a long-term basis. Light and elec- 
tron microscopy studicfs showed complete 
covering of the graft's inner surface by 
endothelium at 3 weeks. 

Index terms: Aorta, grafts and prostheses, 56.45 • 
Aorta, stenosis. 56.83 • Aorta, transluminal 
angioplasty, 56.129 • Carotid arteries, transluminal 
angioplasty, 56.129 

Radiology 1985; 156:73-77 
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MANY percutaneous, trainsluminal angioplasties fail because of 
elastic recoil of the stenotic lesion. This is usually due to a 
high fibrocoliagenous content in the lesion and is sometimes due to 
certain mechanical characteristics of the area to be dilated. For 
example, stenoses of the renal artery at the ostium are known to be 
refractory to balloon dilatation because the dilating forces are ap- 
plied to the aortic wall rather than to the renal artery itself (1). 
Vascular stenoses caused by neointimal fibrosis, such as those seen 
in dialysis-access fistulas, have proved to be difficult to dilate, re- 
quiring high dilating pressures and larger balloon diameters (2). 
Similar difficulties have been observed in angioplasties of graift- 
artery anastomotic strictures (3) and postendarterectomy recurrent 
stenoses (4). Percutaneous angioplasty of Takayasu arteritis and 
neurofibromatosis arterial stenoses may show poor initial response 
and recurrence, probably because of the fibrotic nature of these 
lesions (5). 

To overcome the problem of recurrence of stenoses in these types 
of patients, we designed an expandable intraluminal graft that al- 
lows simultaneous dilatation of the stenotic lesion and placement 
of a supportive endoprosthesis that prevents recoil of the arterial 
wall. The endoprosthesis, a tubular wife mesh, is mounted on a 
modified angioplasty catheter. When the angioplasty balloon is 
dilated in the stenosed vessel, the wire mesh expands with the 
balloon and remains expanded and in place after the balloon is 
deflated and withdrawn. 

MATERIALS AND METHODS 

The expandable, intraluminal graft is made of continuous, woven, stain- 
less steel wire. Wire of 150 fun in diameter is used for the 6- and 8-mm 
grafts, and 200-Mm wire is used to construct the lO-nim graft. The cross 
points of the wire mesh are soldered with silver to give the tube a relatively 
high resistance to radial collapse and capacity to retain the diameter at- 
tained by the maximal balloon inflation. The thickness of the cross points is 
only slightly larger than twice the wire diameter so that the total graft wall 
thickness does not exceed 200 ^m for the 6- and 8-mm grafts and 450 fim for 
the 10-mm graft. Care is taken to avoid overlapping the wire segments 
during the process of compressing the tube down to a diameter small 
enough to fit snugly around a collapsed angioplasty balloon. This allows 
only minimal increase over the diameter of the folded balloon. The mount- 
ed graft is retained in place arovmd the balloon by oversize, tapered, lead- 
ing and trailing retainers (Fig. 1). The assembly is introduced in the vessel 
lumen through an 8-F teflon sheath for the 6-mm graft and through a 12-F 
sheath for the 8- and 10-mm grafts. 

Eleven grafts of 6, 8, and 10 mm in diameter were expanded in major 
arteries of six 20-27 kg dogs that had been placed under general gaseous 
anesthesia (Table 1). The length of each graft was 20 mm. Although the 
device could be used percutaneously, it was introduced through femoral or 
carotid artehotomies that were sutured afterward because dogs tend to get 
delayed hematomas at the puncture site. The introduction of three grafts 
(grafts 7, 10, and 11) was preceded by the intravenous administration of 50 
mg per kilogram body weight of heparin (Fig. 2). All other grafts were 
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Figure 1 



Figure 2 






h. 

Schematic profile of the graft in the col- 
lapsed (a) and expanded (b) state. The 
mounted graft is protected from being dis- 
lodged out of the balloon by oversize leading 
and trailing retainers (c). Balloon inflation 
expands the graft to the maximal size at- 
tained by the balloon (d). 
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implanted without anticoagulants so that 
the thrombogenicity of the device could 
be evaluated (Fig. 3). No anticoagulants or 
antiplatelet agents were administered to 
the animals after graft placement so that 
we could determine the host response to 
the grafts, particularly the degree of 
neointimal hyperplasia. 

To test the ability of the system to ex- 
pand stenoses with marked elastic recoil, a 
rubber band was tied around a surgically 
exposed infrarenal abdominal aorta of a 
dog (graft 11, Fig. 4), A 10-mm graft was 
then introduced across the occlusion and 
expanded to achieve complete restoration 
of the lumen. 

Serial angiography was performed in 
each dog before and after introduction of 
the grafts and at 2-week intervals there- 
after. Pressure recordings were obtained 
whenever a significant stenosis was de- 
tected with angiography. Four grafts with 
the adjacent artery segments were re- 
moved for histologic examination at 2 
hours, 5 days, 3 weeks, and 8 weeks after 
placement. Transmission and scanning 
electron microscopy studies were per- 
formed on the specimens, which had been 
stained with hemotoxylin, trichrome, and 
elastin (Figs. 5, 6). 

RESULTS 

Of the 11 grafts implanted, six 
showed no luminal stenosis on arter- 
iograms taken between 1 and 8.5 
weeks (Table 1). Two grafts, one in 
the abdominal aorta (graft 11) and the 
other in the left carotid artery (graft 
7), had moderate, delayed stenosis 
caused by neointimal proliferation. 
However, no pressure gradients were 
present across the stenoses. The 10- 
mm aortic graft (graft 11, Fig. 4) effec- 
tively opposed the recoil of the elastic 
band placed around the infrarenal 
aorta, achieving complete restoration 
of the luminal diameter. Follow-up 
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A collapsed 8-mm graft before expansion in the right iliac artery of a dog. 
Aortogram taken immediately after placement of the graft. 



angiograms- showed slight reduction 
of the lumen at 8 weeks with no pres- 
sure gradient across the grafted area. 
The lumbar arteries arising at the lev- 
el of the graft remained unobstructed 
during that same period of time. 

Acute partial thrombosis was ob- 
served in two dogs (grafts 3 and 5). In 
both cases, reduction of the lumen re- 
sulted from kinking and spasm at the 
distal end of the graft because the 
graft was too long for the artery in 
which it was expanded. Acute com- 
plete thrombosis occurred after place- 
ment of an iliac graft (graft 8) in 
which the ipsilateral femoral artery 
had to be ligated after graft introduc- 
tion, causing occlusion of the outflow 
from the graft. No anticoagulants 
were used in any of the dogs with 
acute thrombosis. Follow-up angi- 
ography of the partially thrombosed 
renal graft (graft 5) showed complete 
recanalization at 2 weeks. 

Gross inspection of the graft re- 
moved 2 hours after placement 
showed concentric lining of red 
thrombus on the endoluminal surface 
of the graft without significant lu- 
minal narrowing. The graft removed 



Figure 3 




Proximal superior mesenteric arterial graft 4 
weeks after placement. 

5 days after placement exhibited a 
thin, fibrinous layer evenly coating 
the wire mesh and inner surface of 
the artery (Fig. 7). At 3 weeks, the 
wire mesh could be seen through a 
translucent, glistening lining that 
was grossly similar to the inner sur- 
face of the adjacent artery. At 8 weeks, 
the mesh was uniformly covered by a 
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Figure 4 




a. b. 



Experimental elastic occlusion. A rubber band has been tied around the infrarenal aorta. 
Complete occlusion of the aortic flow is seen in the aortogram (a). A 10-mm graft has 
expanded the rubber band at the occlusion, restoring flow (b). The opaque rubber band could 
be seen in position on original films. 




smooth, whitish, opaque layer. Light 
microscopy studies of specimens re- 
moved at 5 days revealed a thin, even 
layer of fibrin on the luminal surface 
with evidence of early stages of orga- 
nization. The media of the artery 
showed evidence of pressure necrosis 
and loss of elastic lamellae adjacent to 
the wires. Inflammatory infiltration 
was evident in the adventitial layer. 
At 3 weeks (Fig. 5a), the adventitial 
inflammatory infiltrate had decreased 
and was being replaced by progres- 
sive fibrosis. The media showed re- 
placement by fibrocollagenous tissue. 
The intima showed neovasculariza- 



tion and the development of a com- 
plete endothelial lining. At 8 weeks 
(Fig. 5c), the neointima showed fur- 
ther organization and the media had 
more fibrotic replacement, while the 
adventitia had even fewer inflamma- 
tory changes. Transmission electron 
microscopy was used to demonstrate a 
well-developed endothelial lining 
with tight junctions as early as 3 
weeks. At 8 weeks, the endothelial 
surface under scanning electron mi- 
croscopy appeared smoothly continu- 
ous with that of the adjacent vessel 
and had orderly orientation in the di- 
rection of flow (Fig. 6). 



DISCUSSION 

The principle of introducing in- 
traarterial grafts percutaneously was 
first described by Dotter in 1969 (6). 
Dotter's device was a stainless steel 
coil tube that was introduced coaxial- 
ly over a guide wire and positioned 
with a pusher catheter. Since the pre- 
and postimplantation graft dimen- 
sions were the same, the diameter was 
limited by the access vessel and the 
arteriotomy size. Nevertheless, a Vk- 
year patency was observed in a canine 
femoral graft 3.5 mm in outer diame- 
ter. As originally pointed out by Dot- 
ter (6), the potential benefits of trans- 
luminal grafting are promising. 
Surgical manipulation of the affected 
vessel— with such inherent complica- 
tions as infection, perigraft hemato- 
ma, pseudoaneurysm and anastomo- 
tic strictures— can be avoided. Dotter 
also recognized the advantages of a 
permeable graft structure, which al- 
lows tissue growth through the inter- 
stices and incorporation of the graft 
into the vessel wall. More recently, 
variants of the original technique us- 
ing an alloy with thermal-shape 
memory have been reported (7-9). 
The principle is based on coil springs 
that regain their shape intraluminally 
after introduction through the cath- 
eter. Cragg et al. (9) have shown suc- 
cessful restoration of the lumen in an 
experimental aortic aneurysm using a 
nitinol coil-spring graft. A similar 
technique was introduced by Maass et 
al. utilizing spring-loaded steel coils 
(10). To date, none of the experimen- 
tal endoprostheses has been tested in 
an experimental vascular stenosis. 
Within the scope of a limited, prelimi- 
nary study, our results are promising. 
Our investigation was carried out in 
dogs since it has been shown that, 
among available experimental ani- 
mals, dogs approximate human graft 
healing most closely (11). 

A unique feature of the expandable 
mesh tube is its ability to dilate an 
area of stenosis while being implant- 
ed; therefore, the amount of time re- 
quired to implant an expandable graft 
is similar to that required for regular 
balloon angioplasty. After maximal 
inflation, the balloon can immediate- 
ly be deflated because the mesh op- 
poses elastic recoil. Since the extent of 
endothelial destruction seems to be a 
function of balloon inflation time 
(12), the vessel endothelium would 
largely be spared because 80% of the 
expandable graft is open surface. The 
surprisingly rapid covering by endo- 
thelium of our wire-mesh graft is 
probably due to intact patches of en- 
dothelium left between the wire seg- 
ments that proliferate and bridge 
over the mesh. This finding is in con- 
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Figure 5 




a. b. 




a. Longitudinal section of the grafted arteri- 
al wall 3 weeks after placement, H and E 
stain, X80. The graft is covered by a fibro- 
mtiscxilar, neointimai layer, 200 fim thick, 
with evidence of neovascularity adjacent 
to the wires (asterisks indicate the spaces 
occupied by mesh wire). The endothelial 
surface is smooth. 

b. Longitudinal section of a grafted arterial 
wall 3 weeks after placement, elastine 
stain, X68. The elastic lamellas of the me- 
dia are interrupted in the vicinity of the 
wires (arrows). 

c. Longitudinal section of a grafted artery 8 
weeks after placement, H and E stain, X80. 
An increased amount of collagen is seen in 
the neointimai layer 330 thick. Smooth 
muscle and elastic tissue have disappeared 
from the media. 



c. 



trast with covering by endothelium of 
synthetic grafts in dogs, which takes 
about 5 months to be completed (13). 
The inner surface of healed synthetic 
grafts in humans is covered by fibrin 
and does not become covered by en- 
dothelium (14). 

Patency of side branches arising at 
the level of the graft was observed on 
angiograms and was confirmed histo- 
logically. Considering the large pro- 
portion of open surface in the graft, 
these findings are not unexpected. 
However, this attribute of the wire- 
mesh graft is a potential advantage 
over tightly wound coil-spring or sol- 
id grafts. 

One disadvantage inherent in this 
graft configuration is the lack of lon- 
gitudinal flexibility, which limits its 
use to straight arterial segments or, in 
the case of curved arteries, requires 
the use of short graft lengths. In two 
of our experiments (grafts 3 and 5), an 
excessively long graft caused kinking 
and immediate thrombosis. This 
problem was later solved by using 
shorter grafts or grafts in tandem. An- 
other potential problem is that exces- 
sive radial compliance mismatch at 



Figure 6 




Scanning electron micrograph (X480) of the 
luminal surface of the midportion of a graft 8 
weeks after placement. A regular endothelial 
lining is present, and the cells are oriented in 
the direction of blood flow. 



the point of transition between artery 
and graft may cause sheer stress and 
neointimai proliferation. Neverthe- 
less, we have not observed this occur- 
rence in our dogs up to 8 'A weeks fol- 
lowing the procedure. In fact, 
electron microscopic studies at the 
area of transition showed no endothe- 
lial alteration, nor was any prominent 
myointimal proliferation present on 
light microscopy. 
Balloon dilatation of atherosclerotic 



Figure? 




Longitudinal section of an internal iliac 
graft, 5 days after placement, shows a con- 
centric layer of fibrin clot with a rough, 
granular, luminal surface (top). Similar sec- 
tion of a carotid graft at 3 weeks shows the 
wire mesh through a translucent layer of 
neointima (middle). Longitudinal section of 
an iliac graft demonstrates an opalescent, 
smooth layer of neointima throughout the 
inner siirface of the graft (bottom). 

lesions results in splitting and shear- 
ing off of plaque elements (15). The 
magnitude of embolization of de- 
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tached fragments and clumps of cells 
seems to be relatively unimportant, as 
indicated by the low frequency of dis- 
tal embolization in iliac and femoral 
angioplasties (16, 17), However, if 
large amounts of thrombotic material 
are mobilized during dilatation, as oc- 
curs in recanalization of totally oc- 
cluded iliac arteries, distal emboliza- 
tion is often observed (18). Cerebro- 
vascular embolization is also a major 
obstacle to the performance of percu- 
taneous dilatation of carotid stenosis, 
attested to by the relatively few re- 
ported cases (19). Theoretically, the 
expandable graft could restore paten- 
cy while avoiding downstream embo- 
lization by supporting fractured 
plaque elements. Further research in 
this area is warranted. As with other 
intraluminal' grafts, the expandable 
mesh tube could be applied to restore 
patency in other organic tubular 
structures that are currently subjected 
to balloon dilatation, such as bile 
ducts, ureters, and bronchi. 

Investigation of grafts of smaller 
size is currently being carried out, es- 
pecially in vessels in the range of 3-4 
mm in diameter. We have used ex- 
pandable grafts within the liver pa- 
renchyma of dogs with portal hyper- 
tension to create portocaval shunts. 



The preliminary results are encourag- 
ing, but further investigation is nec- 
essary. ■ 

Send correspondence and reprint requests to: 

Julio C. Palmax. M.D.. Department of Radiolo- 
gy. UTHSCSA. 7703 Floyd Cur! Drive, San Ant- 
onio, Texas 78284. 
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Percutaneous vascular stent: 

Experimental studies and preliminary clinical results 
in peripheral arterial diseases 
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Si\\\\AR\. — A new paucrn ot meiallic iniravascular sicni has been cxpcrimcnially 
and clinically tcsied. When ihe sieni is percutaneously placed through a six frcnch 
iniroducer. it is held against iho vessel wall by lis natural elastic properties. In 
28 animals. 47 stents ol diMercnt si/cs (from 3 to 5 mm ol 0 and from 1.5 to 
5 cm of length) have been implanted in the femoro-popliteal (16). the coronary 
(20). the carotid (3) and the renal arteries (5) and in 3 femoral veins. Angio- 
graphic and histological results have shown the stent's low ihrombogcniciiy when 
ii is well fit to the vessel's caliber. Moreover, they have shown its incorporation 
lo the vessel wall by iniimalisaiion as early as the third week after its implanta- 
tion. The collateral vessels which covered by the stent remain permeable. At the 
end ol this experimentation. 10 implants have been achieved in 8 patients (4 recur- 
rences of iliac stenosis and 6 femoral stenosis). The angiographic results show the 
perfect tolerance of the organism at 0 months. This good tolerance is revealed by 
a thin intraluminal border which does not change the artery's diameter. This 
confirms the experimental results. The permeability is good except for two pa- 
tients who had an obliteration after une month (one iliac and one femoral ob- 
literation). 

Kii\ WORDS. — Arteries - Transluminal angioplasty - Artery prosthesis - Vein prosthesis. 
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Percutaneous angioplasty is highly ctlicieni but 
it has its limitation particularly recurrences 
which are more frequent after the coronary and 
femoral transluminal angioplasty. 

In order lo supply to this drawback, the solu- 
tion of an intravascular stem seems attractive. 
The stent must allow a new permeability of an 
aiherogenous stenosis, and must prevent reste- 
nosis for a long term. In 1969, Dotter published 
the first transluminal implantation of a metallic 
spring in a dog's popliteal artery, since then, 
some teams have studied with various success 
the placement of different types of stents. 

We report our experience about 47 percuta- 
neous animal implantations of a metallic stent. 
This stent's originality relies on its natural elastic 

Inicr. Angtu.. 6. iyi<7 



properties. We also report preliminary results of 
human implantation^ in iliac and superficial 
femoral arteries.'' 

M.VrilKl.ALS .WD METHOD 

The intravascular metallic stent designed by 
the Medinvent Company is composed of wire net- 
ting stainless steel alloy multifilaments which 
are not attached. The stem strechly placed, spon- 
taneously regains its expansion by applying to 
the vascular wall as soon as it is released (see 
Fig. 1 ). Different sizes of the stent have been 
used. In all cases, the introducer's diameter is a 
6 F caliber. 

The multifilament which formed the stent have 
a diameter varying from 0.07 mm to 0.1 mm 
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Fig. I.— (A) The prosthesis elasiically sireched longitu- 
dinally and constrained to a small diameter on its 
delivery device. (B) Controllable progressive deployment 
ot the device trom the instrument permits expansion of 
the prosthesis and fixation of it against the internal 
vascular wall. (C) Inside the catheter we can place a 
0.35 mm movable euide wire. 



The pressure applied to the vascular wall can be 
measured before the implant. This pressure de- 
pends on two parameters : 

— the multifilaments' diameter; 

— the ratio between the stent's diameter and 
the vascular lumen s diameter. 

When the ratio increases, the pressure applied 
10 the vascular wall proportionality increases. 

While the stem is placed, it is strechly set up 
on a central catheter. A movable guide of 0,35 
mm of 0 (or 0.014 inch of 0) can go through 
this central catheter. 

The catheter as well as the stent are covered 
by an outer tube which can be distended by an 
inflator. like an angioplasty balloon. 

Once the tube is distended, it can be progres- 
sively pulled out. So doing, the stent is released 
and it spontaneously applies to the vascular wall 
thanks to its elasticity. 

Experinienuil study 
This work had two objectives: 

— to improve the stent's physical properties 
starting from the first basic suggested pattern, 
so as to lay down the rules of the stent's choice 
in relation to the vascular's caliber; 

— to evaluate the stent's vascular tolerance 
particularly the thrombogenicily and the adapta- 
bility to the vascular wall. 



Foriy-.scvcn stents from 3 to 6 mm of 0 ircm 
1.5 to 5 cm of length have been implanted in 
most arteries: iliac, femoral axillary (16), renal 
(5). carotid (3) and coronary arteries (20) and in 
3 veins of 28 animals (ten sheeps and eighteen 
dogs). 

The femoral arier>' puncture is done under 
general anesthesia (sodic thiopental 20 mg per 
kg), either percutaneously or by denudation to 
prevent local hematoma in dogs. 

The stent's placement is done after selective 
catheterism of the chosen artery to implant and 
after opacification to evaluate its diameter. 

Two methods have been used : 

— the stent is introduced in the coronary ar- 
teries by the coaxial technique with the help of 
a coronarography carrier;* 

— a 0.36 mm guiue is left in the other arteries 
after selective catheterism. 

This guide allows the introduction of the stent's 
catheter to the desired place. 

Different sites of implantation have been 
chosen : 

— accross the collateral branches in order to 
evaluate the stent's thrombogenous effect on 
them; 

— at vascular curves on purpose to evaluate 
the stent's thrombogenicity and tolerance at 
these places. 

Neither anticoagulant nor anti-agregating agents 
have been used before or after the implanta- 
tions. This is to objectify the real stent's throm- 
bogenicity and the local lissular reaction of new 
intimalisation. 

Angiographic controls have been done at dif- 
ferent moment few hours after the implantation 
to 6 months later, according to the case. 

Macroscopic and microscopic histological ana- 
lysis have been performed after the angiographic 
study. 

The standard optical microscopy have been 
used with longitudinal and transversal sections 
(Haematoxylin. Eosin and Safran colorations 
have been used as well as the Verhoeff coloration 
for the elastic fibers). Electronic transmission 
microscopy have also been used. 
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Clinical appiicuiiun s 

Ten percutaneous implantations have been 
done to eight patients. It concerned live iliac 
stenosis which have been six months to two 
years previously dilated and six other superficial 
femoral stenosis. These stenosis had two lo six 
cm of length and the arteries' diameter above 
the stenosis were four to six mm. 

The stents which have been used, had different 
sizes loo: they had 4.5 lo 7 mm of 0, so thai the 
stent's size adequately fit to the stenosis' length 
and to the vascular diameter. 

The implantation have been done by homola- 
teral femoral retrograde catheterism for iliac 
stenosis and by direct anterograde puncture for 
femoral stenosis. 

An angioplasty is previously done during one 
minute with a balloon which diameter is equi- 
valent to the artery's diameter above the stenosis. 

A 0.014 inch guide is left in place after the dila- 
tation, while the probe with balloon is pulled out 
and replaced by the catheter which carries the 
stents. 

The catheter is introduced in the artery with 
a 6 F introducer. 

The stent's release is progressively done under 
radiologic control. The stent is placed so thai il 
overlaps the stenosis. 

An anticoagulant treatment is started a the 
moment of implantation: 3 to 5000 units of intra 
arterial heparin. It is then replaced by platelet 
antiagregating agents during six months (300 mg 
per dav of Aspirin and 70 mg per day of Per- 
santin). 

EXPERI.MQNTAL KESU I.TS 

In all cases {except for 2), the implantation in 
the desired places was successfull as well in large 
arteries (iliac or carotid arteries) than in the 
coronary arteries and the leg tripod's branches. 
The permeability at a distance from the stent was 
observed in 37 implantations. 

Fourteen animals have been sacrified after an- 
giographic controls, for histological analysis at 
different moments ranging from several hours to 
six months after the implantations. This histolo- 
gical analysis allows the evaluation of the tissular 
reactions towards the stem. 

Inter. Angio., 6. !9d7 
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Nine animals have had angiographic controls 
followed by histological analysis at the ninth 
month after the implantation. 

One animal is still alive to appreciate the 
evolution of the tissular reactions after one year. 

Four animals were dead right away for diffe- 
rent reasons totally independant of the stent (like 
anesthesia accident or local haemorrhage) and 
they consequently did not have histological ana- 
lysis. It is important lo know that the permeabi- 
lity is related neither to the vessel's type nor lo 
its caliber. Also, the permeability is not modified 
by the vessel's curves. The collateral branches 
which are covered by the stent remain permeable. 

Finally, the stent's flexibility allows a good 
adapiability to the vessel's variation during car- 
diac contractions (coronary arteries). 
However, ther are some complications: 
— Mechanical coniplicaiions occurred without 
im.portant consequences. 

The outer tube of the carrier catheter have 
been ruptured in two cases. This led to the use 
of olher catheters. In one case, the outer tube 
was partially ruptured and the stent was halfly 
released; but since the distal part of the stent 
remained firmly fixed to the catheter, il was pos- 
sible to easily remove the stent. . 

One failure in coronary arteries catheterism 
was also noted as well as a vascular traumatism 
due to the presence of a fixed inflexible guide 
wire. 

Recently, we use a movable and flexible 0.014 
inch guide wire. 

Neither stent migration nor distal embolisation 
had occured. 

Thrombosis 

Ten cases of partial or total thrombosis were 
observed. They especially occured at the begin- 
ning of ihe experimentations. 

In most cases, ihc thrombosis occured when 
there is a blood How perturbation due to ihe 
conical shape of the stent's extremity, these 
thrombosis occur in specific situations when the 
stent's implantation is not satisfactory: 

— When the caliber of the artery's extremity 
is quickly reduced. 

— When the stent s extremity goes through a 
small collateral branch. 
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Fig. 2.— The hislological results ui an experimental carotid implant. 6 months after we note 
a discrei intimal hypertrophy recovering the rilameni prosthesis. The vascular lumen is 
regular, and there is no arterial flux perturbation, ni: new iniima — m: media — 




Fig, 3.— Experimental histological results. On a longitudinal section we observed a discret 
diminution of the medial layer (200^100 micron.s) with the formation of a neointimai layer 
(160:^130 microns) recovering the prosthesis filament, which in turn is covered by a neo 
endothelial layer. And so the variability of the lumen diameter could be considered as 

neeliceable. 



— When the ratio of the stent's diameter to 
the artery's diameter is greatly superior to one. 

Ii is interesting to note that in the same con- 
ditions of thrombogenicity in one animal, the 
short stent which perfectly fit to the artery's 
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diameter remain permeable while the stents 
which do not fit the artery's diameter become 
conical and lead to thrombosis. The technical 
improvement of the devices decreases the risk of 
thrombosis. Thus, there is a very low degree of 
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Fia. 4 —A stenosis of the superficial femoral ariery. The implanlaiion of a 5 mm diameter 
stem. On a aneiosraphic control done 3 months later we note the persistance of the per- 
meabiliiv "of "a collateral branch which his origin is recovered by the prosthesis. 




Fig. 5.— Strong stenosis of the popliteal arter\. We have implant a stem of 4.8 mm of 
diameter. The angiocraphic control done 10 days after the procedure show the regular 

aspect of the arterial layers. 
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Fig. 6.— Restenosis of the origin of the external iliac artery. Two vcars after anviioplastv, a prosthesis of 6 cm of 
length and 7 mm of diameter was innplanted. An angiographic control done 4 months laicr show the regular aspect 
of the vascular layers and the absence of an cndoUiminal lissular prolileraiion. 



clastic membrane vviihuui rupturing ii. The mus- 
cular fibers are included in a thick intimal layer 
which contains many Hbro-elasiic cells and a 
few macrophages loaded with hemosiderin. The 
endoluminal surface is totally recovered by an 
endothelium. No evidence of cellular reaction to 
"Foreign body" is found around the stent's fila- 
ments. 

At six months, the same aspect is found without 
supplementary proliferation. The new intimal 
membrane's thickness is of 250 microns when the 
vascular diameter is five mm. 

Other aspects are sometimes found : 

— The rupture of the iniernal elastic mem- 
brane (in two cases). 

— The clarification of the media's muscular 
cells which are underneath the filaments. 

Inier. Angiu.. 6. 19S7 



thrombogeniciiy at the ninth month controls at 
late implantations. 

The following histological results were cons- 
tantly found in the absence of immediate oc- 
clusive thrombosis (see the pictures). 

Within the first hours following the implanta- 
tion, a fibrin and platelet layer with many poly- 
nuclcar cells is found at the stents multifila- 
ments implantations. A thin parietal red throm- 
bus which does not reduce the artery's caliber is 
sometimes found. 

One week after the implantation, a translucent 
membrane, which covers the stent, macroscopic- 
ally appears. The optical microscopy does not 
reveal any parietal vascular lesion at the stent s 
implantation site. Knowing the stent is not fixed 
to the vascular wall. 

At three weeks, the stent lies on the internal 
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This cells* clarincaiiun cunvspunds lo a loca- 
li.scd cellular nccrusis. 

A parietal necrosis was observed in one ease 
in which an oversireched sleni existed, 

A slight reaction to foreign bodies have been 
noticed around the filaments. A layer ol mac- 
rophages cells which included iilings was lound 
(in one case). 

An cuutlo'^oiis aspect hi veins was Found with a 
new inliinalisation. However, intravascular, non 
obstructive sepia wore present. This is probably 
due to a veinous hemodynamical status different 
from the artery's. 

Fottr sicnts which iraverses ihc collaterals' 
ustia were histologically studied. The collateral 
remained permeable. The filaments were .sur- 
rounded by a new iniima without significant 
reduction of the vascular lumen. 

PKKI.IMI\AK^ CI.iMCXI. KP.SL I.TS 

Among ten implantations, just one partial 
obliteration of the superficial femoral artery was 
observed within to 6 months. 

This partial obliteration accompanied by col- 
lateral branches' development did not need a sur- 
gical intervention. 

An iliac artery thrombosis had also occured 
fifteen days after the implantation. 

The stent's extremity was lying on a false 
aneurism at the origin of the iliac artery. This 
aneurism was due to a first dilatation done two 
years previously. 

The mechanism of secondary thrombosis mav 
be explained by the hemodynamical perturbation 
at the false aneurism. 

In all other cases, angiographic controls have 
shown the artery's permeability and the presence 
of a thin, light border between the stent and the 
lumen. This border compared to the vessel's 
diameter is negligible. 

This border may be considered as a new in- 
limalisation of the stent which is incorporated to 
the arterial wall. 

Neither recurrent stenosis nor stent's migration 
nor parietal lesion were observed in any of the 
cases. However these are just preliminary results. 



OlSCt S.SIDX 

The essential problem of angioplasty is the 
recurrence of stenoNis due to the clastic nature 
oi the lesions. 

The restenosis frequently depends both on the 
localisation and on the pathology. 

Thus, restenosis arc more frequent in the 
coronar\' arteries than in the iliac arteries. 

Also, they are more frequent in inflammatory 
arteritis (Takayashu), in post endarterectomy 
stenosis and in vascular anastomotic stenosis."* 

The failure rate of angioplasty for dialysis A-V 
fistula stenosis is very significant. This is due to 
the extensive parietal fibrosis and the intimal 
hyperplasia.' ^ 

In order to supply to these dilatations failures, 
some teams have suggested intravascular stents 
to maintain the vascular caliber. 

In 1969, Charles Dotter put forward a trans- 
luminal stent implantation for the first time.' 

However it is only early 1980 that new prin- 
ciples of stents were worked out. 

Dotter again and Gragg reported on some ap- 
plications ol memory alloy spirals which regain 
its initial form at a certain temperature. However 
this technique leads lo many problems which are 
not yet solvable."" 

Maass and Wricht, suggested other stents which 
had elastic properties but were of difficult ap- 
plication.'* 

Recently. Palmaz showed the advantage of a 
stent which is placed on an angioplasty probe 
with a balloon. When the balloon is inflated, it 
releases the stent into the lumen.'"' 

Although this principle is attractive, it shows 
an inflexibility problem which makes difficult a 
.selective catheterisation. 

The principle of stent that we have experimen- 
ted is totally different. 

In fact, it is a metallic, spontaneously expan- 
dable stent. When it is percutaneously placed, it 
is more flexible than an angioplasty proble and 
therefore easier to use. 

The technique was perfectly feasible in all 
cases. The stents could be placed in arteries of 
small caliber (3 mm) and of difficult access (like 
coronary, renal and carotid arteries). 

The pressure applied to the wall is previously 
calculated and adjusted in order to avoid parietal 
lesion or thrombosis. 
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Ncilhci migraiion nor vascular lesion ucrc 
noted. As equally found by Palmas and Maass's 
teams, the stent's configuration allows a begin- 
ning intimalisation in the first days and a total 
one after three weeks. This is due to the free 
spaces between the filaments (approximately 
8006 of the stent's surface). 

A tissular proliferation quickly appears, lead- 
ing to a perfectly regular and uniform vascular 
lumen. Thus this tissular proliferation decreases 
the stents' thrombogeniciiy and aiherogeniciiy. 
The collateral branches covered by the stent 
remain permeable as it was shown in histological 
and angiographic results. 

We should point out that the organism per- 
fectly accepts this alloy since we did not have any 
inflammator>' tissular reaction of rejection. 

The preliminary results of the first clinical ap- 
plication seem encouraging. 

The stent's implantation does n<n present any 
major technical problem and seems harmless. 

However there i.<; still certain number of ques- 
tions : 

The action of the stent alone is unknown. Is it 
possible to use the stent alone without having to 
previously dilate the stenosis with a balloon 
probe? 

The first observations believe that the centri- 
fugal pressure of the stent alone is not sufficient 
to immediately dilate most of the stenosis. 

It is premature to think that the stent could be 
systematically used in stenotic lesions. 

The good results of angioplasty and the absence 
of long term results of sicnting do not allow to 
be concluding on this point. 

Comparative studies are wished. 

However, we look for a certain number of ap- 
plications : 

— Arterial restenosis particularly in the coron- 
ary arteries in which the recurrence rate is 30"n. 

— Arterial stenosis which are classically not 
accessible to angioplasty such as carotid or ver- 
tebral artery stenosis, because of the embolige- 
nous risk. 

(Theorically. the stents allow the dilatation by 
imobil ising the atheromatous lesions. If the first 
dilatation by the stent alone is not sufficient, we 
can look for a second dilatation by an angioplas- 
tic balloon inside the stent's lumen). 



— Cianturco e/ al. have suggested the treat- 
ment of aortic dissections by the stents. 

— Veinous applications can also be done, 
such as the treatment of extrinsic compression 
by a local tumor or by perivascular fibrosis. 
These extrinsic compressions lead generally to 
cava syndrome. 

— Long and irregular stenosis of dialysis A-V 
fistula. These stenosis are not actually accessible 
to angioplasty. 
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Self-expanding Endovascular 
Prosthesis: An Experimental Study^ 



A new type of endovascular pros- 
thesis was inserted in 28 animals 
> K and evaluated for several factors, in- 
4 K ^^^on^hogenicity, tendency 

to migrate, critical implant zones, 
and incorporation into the vascular 
wall. The new prosthesis is a woven, 
I ultifilainent structure of stainless 
sieel alloy; its inherent elastic, self- 
expanding characteristics hold it 
against the vessel walls. Forty-seven 
endoprostheses (3-5 mm in diame- 
ter, 15-50 mm long) were percutane- 
ously implanted with either a 6-F 
introducer sheath, a coaxial 9-F 
catheter, or a 0.014-inch (0.036-cm) 
guide wire into the femoropopliteal, 
coronary, carotid, and renal arteries 
: d iliac veins. Anticoagulant or 
■ atelet antiaggregating agents were 
not used before or after implanta- 
tion. Angiographic and histologic 
analyses showed that the prosthesis 
had a very low thrombogenicity 
when it was well adapted to the na- 
tive vessel diameter and that it was 
incorporated into the vessel wall by 
a new intima by the 3d week after 
implantation. No migration oc- 
curred, and branch vessel flow was 

eserved even in those vessels in 
• hich ostia were traversed by the 
prosthesis. This prosthesis has po- 
tential for clinical application in the 
treatment of postangiopiasty resten- 
oses, particularly in the coronary ar- 
teries. 



Index terms: Anenes. grafts and prostheses. 
90 456 • Artenes. intert*entional procedure. 

1299 . Coronar>- vessels, inien entiona] pro- 
' 54.1299 • Veins, grafts and prostheses 
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ANGIOPLASTY, although highly 
L successful and a major contribu- 
tion to the medical armamentarium, 
is not without important limitations, 
among which is a high frequency of 
restenosis associated with coronary 
and femoral dilations. Consequently, 
the use of an expandable, parietal 
scaffolding device or stent prosthesis 
seems to be a logical and attractive 
approach to preventing restenosis 
over the long term and in stabilizing 
patency-threatening intimal dissec- 
tions in the shorter term. 

As early as 1969, Dotter (1) report- 
ed on transluminal implantation of a 
metal spiral prosthesis in the canine 
popliteal artery, but only recently 
has more extensive research been un- 
dertaken. 

We report on our experience with 
47 in vivo percutaneous implanta- 
tions with a new form of self-expand- 
ing prosthesis and its specially de- 
signed delivery system. The objec- 
tives of our evaluation were twofold: 
(fl) to determine, starting from the 
first single-size stent model, the opti- 
mal ratio of implanted to uncon- 
strained diameter; and (i?) to deter- 
mine the thrombogenicity, critical 
implant zones, geometric stability, 
tendency to migrate, and mechanism 
of prosthesis incorporation into the 
vascular wall. 

MATERIALS AND METHODS 

The endovascular prosthesis (stent) 
(Medinvent SA, Lausanne, Switzerland) 



' From the Dcpartmenrs of Radiology (H.R., 
F.J.). Cardiology (J.P.), and Anatomy and Pa- 
thology (CD ), Centre Hospitalier Universi- 
taire Rangueil. Chemin du Vallon, 310S4 Tou- 
louse Cedex. France; and Centre Hospitalier 
Universitaire Vaudois (U.S., C.K.) and Medin- 
vent S.A. (CL, L.K., H,W.). Uusannc, Switzer- 
land. From the 1986 RSNA annual meeting. Re- 
ceived December 2. 1986; accepted and revision 
reouesied January 7. 19S7; final revision re- 
ceived May H. Address reprint requests to H R. 

*RSNA. 1987 

See also the anide by Palmaz et al. (pp. 705- 
70S) in this issue. 



is a woven, multifilament structure com- 
posed of a high-performance, medical- 
grade, stainless steel alloy. Because of the 
elasticity of the individual metal fila- 
ments and of the structure itself, the stent 
may be stretched longitudinally and con- 
strained to a small diameter within its de- 
livery device. Controllable, progressive 
deployment of the stent from the deliv- 
ery instrument permits the prosthesis to 
expand spontaneously and affix itself 
against the internal vascular wall. 

Mural pressure generated between the 
prosthesis and the vessel wall is a func- 
tion of metal properties, filament diame- 
ter, and the ratio of the unconstrained di- 
ameter of the prosthesis to its implanted 
diameter. 

Early models of the deliver)- system 
had fixed guide wire elements attached to 
the instrument tip, while later devices 
were adapted to receive a O.OU-inch 
(0.036-cm) movable guide wire (Fig. 1). 
Prosthesis retention in the deliver}' sys- 
tem is effected by means of an invagi- 
nated balloonlike structure connected to a 
pressure manometer. Low hydraulic pres- 
sure of 3.5 bar (0.35 MPa) and control 
with a distal slide mechanism are used to 
permit almost fricrionless eversion of the 
constraining membrane in such a manner 
as to permit progressive release of the 
prosthesis (Fig. 2). If the hydraulic pres- 
sure is removed from the annular channel 
of the coaxial system, the prosthesis is te- 
naciously held within the instrument tip, 
even if only a small portion of the stent 
remains to be deployed. 

Forty-seven stents, 15-50 mm long and 
3-5 mm in diameter, were implanted in 
the iliac, femoral, axillary, renal, carotid, 
and coronary arteries and in the iliac 
veins of ten sheep and IS dogs (Table 1). 

General anesthesia was induced in the 
animals with 20 mg/kg Pentothai sodium 
(thiopental sodium; Abbott, North Chica- 
go, HI.), and femoral arteriotomy was per- 
formed for better control of intraopera- 
tive bleeding or percutaneous femoral 
access. Selective angiography was used to 
determine vessel diameter. Prostheses 
were inserted in the coronary arter>- via a 
9-F guiding catheter and in other vessels 
solely by delivery- over the 0,014-inch 
guide wire. 

Implant sites were specifically chosen 
to be particularly challenging: for exam- 
ple, across large and small branches in or- 
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Table 3 



Summary of Implantation Data and Outcome in 28 Animals 




No 



10 



12 
13 
14 



15 

16 
17 

IS 

19 

20 



21 



L'nco.-^trajned 
Proiihes'.s 
Dimensions (mm) 



Vessel 
Diameter 
(mir.) 



Outcome 




5.3 X 20 
3 5 X 20 

5 X 40 
3.5 X 20 
3.5 X 20 

5 X 40 
5.5 X 20 
3.5 X 20 
3.5 X 30 

3X15 

3X15 
3.3 X 20 
5.5 X 20 

4 X 20 

5 X 20 
5X30 
5 X 30 
5 X 30 
5 X 50 
5 X 30 
5 X 30 

5 X 30 

6 X IS 
5X15 
5 X 40 
5 X 50 
5 X 50 
3X1? 
3X15 



5 X ]5 

3X15 
5x15 
5 X 50 
5 X 5.'> 
5x5: 

5 X 30 

6 X 40 
3 X 15 

5 X 15 
5X15 
3 X 15 
5 X 20 
5 X 20 
5 X 20 
5 X 20 
5 X 20 



3 

3.2 
3.2 
3 

3.5 
3 
3 
3 

2.8 
3 

2.5 
3 
3 
3 

4 

4 

4.2 

3.5 
4 

2.5 
^2.5 
5 
4 

3.5 
4.5 
2.5 
4 

3.5 
3.5 
4 

3.5 

3.5 
4 

3.2 

3.2 

3 

4 

4 

3.5 
4 

3.5 
3 

3.5 
3.5 
4 
4 

3.=? 



Note -.VA - nc-r app-cabie, V « venous. 
Keer.dothEiiua- refers to the covering of t: 



Popliteal 
Femoral 
Femoral 
Popliteal 
Femoral 
Popliteal 
Femoral 
Femoral 
Popliteal 
Femoral 
Popliteal 
Coronary 
Coronary 
Kenai 

Coronary 

Coronary 

Renal 

Coronary 

Rcnai 

Popliteal 

Popliteil 

V. iliac 

Coronary 

Coronary 

Carotid ' 

Popliteal 

V. Uiac 

Coronary 

Coronar)' 

Coronary 

Coronary 

Coronary' 
Coronary 
Carotid ' 
Carotid 
Axillarv 
Iliac ' 
V. iliac 
Coronary 

Renal 

Coronary 

Coronary 

Coronary 

Coronary 

Coronary 

Coronaiy 

Coronary- 



>1.5 
>1.S 



>1.5 
>1.5 



>1.5 
>1.5 



>1.5 
>1.5 
>1.5 



NorowL4 mo 
Normal, 4 mo 
Thrombosed (conirity) 
Normal. 4 mo 
Normal, 4 mo 
Thrombosed (conicity) 
Normal, 4 mo 
NormaJ, 4 mo 
Normal, 4 mo 
Local hemorrhage death 

Anesthetic death 

Normal, 1 mo 

Normal. 45 d; 
patent collaterals 

Normal, 10 d 

Normal, 10 d 

Normal. 10 d 

Thrombosed, 1 wk 

Thrombosed, 1 wk 

Thrombosed (conirity) 

Thrombosed (conicify) 

Thrombosed (coiucity) 

Normal, 3 mo 

Normal, 3 mo 

Normal, 6 mo 

Irregular, 6 mo 

Parietal thrombus 

Anesthetic death 

Normal, 2 mo 

Thrombosis; stent 
in marginal branch 

Th ro m bosis ; $ t en t 

in marginal branch 
NormaJ, 6 mo 
Normal. 6 mo 
Partial thrombosis 
Partial thrombosis 
Thrombosis 
Norma], 45 d 
Normal, 45 d 
Stent in marginal 

branch 
Normal, 3 mo 
Normal, 3 mo 
Patent. 1 wk; conicity 
NormaJ, 3 mo 
Normal, 3 mo 
Normal, 3 mo 
Normal, 3 mo _ 
Normal, 3 mo 



Living 

Living 

NA 
NA 

Reendothelium 
Reendothelium 

• Early reendothelium 
Early reendothelium 
Early reendothelium 
NA 
NA 

Old thrombus 
Old thrombus 
Old thrombus 
NA 
« Livine 
.JCeendot helium 
Partial thrombosis 
Flow partition 
NA 

Reendothelium 
Infarct, 

thrombosis 
Infarct, 

thrombosis 
Reendothelium 
Reendothelium 
Partial thrombosis 
Partial thrombosis 
Thrombosis 
Reendothelium 
Reendothelium 
Thrombosis, 

infarct 
Uvijig 

Early reendothelium 

Living 

Living 

Living 

Living 

Living 
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all other values were less than 1.5. 
ihe cndoluminal surface by a new endothelium. 



der to determine thrombogenicitv or pa- 
tency and ir. zones of vascular cu'rv-ature, 
potenna: k:nking. or flexion in order to ' 
gam an understanding of the risks of 
throrr.boger.esis and ulceration in the 
smaher arteries (coronan- and popliteal) 
Anricoaguiants were administered onJv 
jntraoperatively, and neither anticoagu- 
lanis. ar.tiplatele: agents, ncr calcium an- 
tagonisf agents were used pre- or posiop- 
erativeiy. The oriective was to assess the 
inherent thrc.-r.bogen:cirv- of the prosthe- 
sis as w-eli as tissue reucnon. 

Angiographic follow-ur studies were 
concucted a few hours. 10 davs. ! month 
J .-norths, ar.d 6 mcnrhs afte.- implanta- 
tion Macroscopic and .r.icroscopic histo- 
logic analyses were performed i.-r.medi. 
atcly foJ.'owing angiographic studv in 
orcer to establish the mechanism ind 
evolution of stent-tissue interaction. 

710 « ^^^^K)]og> 



Light microscopic examination consisted 
of transverse and longitudinal sections 
with hematoxylin-eosin-safranine and 
Verhoeff stains), and transmission elec- 
tron micrographs were also prepared. 

RESULTS 

Fourteen animals were killed after 
angiographic study for histologic 
analysis. Three acute deaths occurred 
for reasons totally independent of 
the prosthesis (accidents of anesthe- 
sia, local hemorrhage), and in these 
animals histologic analysis was not 
done. Ten animals were retained for 
longer term survival, all having an- 
giographically proved patenc>' at 3 
months or more. The patency- of the 



prostheses was confirmed in 27 im- 
plants. 

It is particularly noteworthy that 
patency seemed unrelated to vessel 
type and caliber (Figs. 3, 4). Patency 
was also not influenced by vessel 
curvature, as branch vessels traversed 
by the prosthesis remained patent 
(Fig. 5). The flexibility of the stent al- 
lowed it to adjust easily to the flexion 
of the vessels during cardiac contrac- 
tions- No case of stent migration or 
embolization was seen. 



Complications 
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/Iccfss.— Implantation at the de- 
sired site was successful in all cases 
but one. One of the earlv fixed guide 
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i .gures 1,2. U) Diagram shows the endovascular prosthesis constrained to a small diameter by an irivaginatcd balloonlike structure. The 5- 
F deliver,' system-, is introduced through a 6-F introducer or. for coronary implants, through a 9-F catheter {A). Inside the catheter we can 
pbre a 0.0l4-;r.ch movable guide wire. Low hydraulic pressure is used to permit progressive release of the prosthesis (B). Controllable, pro- 
gressive derlcyrr er: of the device from the instrument permits spontaneous expansion of the prosthesis (C) and fixation of it against the in- 
terna! vessel wall (D). (2) Stent (S) retention at the end of the delivery system (DS) is effected by a corutraining membrane corrected to a 
marcmerer (PA!) that car. be inflated like an angioplasty balloon. Low hydraulic pressure permits almost frictionless eversion of this mem- 
brar.e of rhe main catheter and progressive release of the stent. 




a. b. C. 



Figure 3. (a) Tibial artery implantation. The endoprosthesis (3 X 15 mm), in its constrained 
format, lies over a O.OU-inch guide wire (arrows), (b) Stent in place (arrows), (c) Follow-up 
ang-ogram shows good distal runoff. Note congruence of the stent diameter with that of the 
r.ai:ve vessel. 



ire instruments could not be moved 
- -aoothiy to :he target site, and it in- 
duced a dissection. Access difficulties 
>ith the fixed guide wire were suffi- 
ciently common that a movable 
giiide wire instrument was devel- 
oped :hat essentially eliminated 
the>c prob'err.s ar.d was used in later 
jrr. plantations. In general, mechani- 
cally baico complications were of lit- 
-'V consequv-nce. In two cases a rup- 

-re or" the ir.vjr ma ted, saline-filled 



retaining membrane occurred and 
led to use of a second instrument. In 
one of the cases the prosthesis had 
been partially released, but, since the 
proximal part of the prosthesis was 
still firmly attached to the delivery 
system, both stent and delivery sys- 
tem were easily removed. 

Thrombosis. — Partial or total throm- 
bosis was seen in eight animals, espe- 
cially at the- beginning of our study 
when early model prostheses were 



used. In most cases the thromboses 
were induced due to conicity of the 
edges of the stent (which significant- 
ly reduced vessel caliber) and to the 
perturbations that this induced in the 
blood flow. These thrombotic com- 
plications were seen in very specific 
situations: (a) a point of very rapid 
reduction in vessel diameter, 
{b) when the end of the prosthesis 
was engaged in a side branch of a 
main vessel, and (c) when the ratio of 
unconstrained to implanted diame- 
ters was greater than 1.5. 

The example of animal 20 is typical 
in that short stents of well-adapted 
diameters remained perfectly patent, 
while in the same animal long stents 
in a vessel that was too small led to 
conicity and thrombosis (Fig. 6). 

A significant technical develop- 
ment was made by the manufacturer 
to avoid the problem of conicity, and 
this led to consistently better results 
in the later part of the study. 

Histologic Analysis 

In the absence of immediate occlu- 
sive thrombosis, the following re- 
sults were consistently obtained in 
histologic examinations performed 
after implantation. 

Fint few /lours.— A thin fibrin and 
platelet layer formed over the pros- 
thesis with evidence of polymorpho- 
nuclear leukocytes localized at the 
prosthesis filaments. Sometimes a 



thin, discrete, red. parietal thrombus 
was seen adhering to the filaments, 
but it wa> toe smal! to influence the 
caliber of the vessel. 

Ofic -^TfA:. — Macroscopic examina- 
tion revealed a thin translucent 
membrane covering the stent. Light 
microscopy showed the absence of a 
parietal lesion in the region of the 
stent, and the stent was not fixed to 
the wall. 

Three i.tcks.-^The stent was found 
to be lying against the internal elastic 
membrane without rupturing it. The 
thickened intima was rich in fibro- 
elastic cells and contained a few he- 
mosiderin-laden macrophages. The 
endoluminal surface was totallv cov- 
ered by endothelium, and no evi- 
dence of "foreign-body" cellular re- 
action was seen around the prosthe- 
sis filament*;. 

S:x •'••D.vf.^rf. — Findings identical to 
these seen a: 3 weeks were noted 
without signs of significant progres- 
sion of the neointimal thickness. This 
was found to be of the order of 250 n 
for a vessel diameter of 5 mm. In our 
studies the intimal thickness was 
found to varv- from a minimum of 
50 >j to a maximum of about 400 u 
(Fig. 7). 

Three stents traversing the ostia of 
branch arterial vessels were studied 
histolcgica:ly. All branches were pat- 
ent, with the^Tieta! fiiaments indi- 
viduaiiy enclosed by neointima with- 
out s:gn:ficant reduction of the vas- 
cular lumen (Fig. 8). 

In the three venous implants, a 
necintima analogous to that found in 
the arteries was seen. In addition, 
however, we also noted nonocciusive 
thrombi stretched across the lumen 
and dn-iding the flow into two chan- 
nels To our knowledge, this finding 
has not been previously reported by 
others working with stents in the ve- 
nous system; hence, the question re- 
mains to be studied in greater detail. 

Other e.xceptional findings includ- 
ed rupture of the internal elastic 
m.embrane in two cases, localized cel- 
lular necroses of the layer beneath 
the stent due to a high mural pres- 
sure in some cases, mural necrosis in 
one case (animal 11) in which there 
w-as an evident overcompression of 
the prosthesis (ratio, >1.5). and a for- 
eign-body reaction near a metal fila- 
ment due to the presence of a con- 
taminating particle of unknown 
origir. in one case. 

DISCUSSION 

As a result of these prelim.inan- ex- 
periments. we can hypothesize the 



sequence of reactions after implanta- 
tion between the blood, vessel wall, 
and prosthesis. In the first few hours 
of contact, a fibrin- and platelet-rich 
thrombus of about 150-;i thickness 
adheres to the metal fiiaments of the 
prosthesis. This thrombus is related 
to local flow perturbations and the 
liberation of thrombogenic factors 
caused by loss of the endothelial cells 
and the exposure of the basement 
membrane. The thrombus has a ten- 
dency to cover the zones of turbu- 
lence and the irregularities of the 
vessel wall. Subsequently, organiza- 
tion of the thrombus occurs by colo- 



nization with histiocytes and then 
with macrophages and fibroblasts. 
Concomitantly, surface endotheliali- 
zation occurs. In the final phase of 
the process (after 1 month), a stable 
fibrous tissue is formed, containing 
only myofibroblasts, with a clear ab- 
sence of inflammatory cells. One in- 
teresting finding in cases of acute 
thrombosis was the development o: 
multiple small-bore channels note^ 
in angiographic and histologic con- 
trols (e.g., animal 20). 

A significant limitation of angio- 
plasty is restenosis, and in some in- 
stances this is due to the elastic na- 




k lUH .t'^s!.'' rf^"" angiograms of a renal artery prosthesis (2 X 20 mm). Animal was 
ends o ' ^ P ^"^P^*"»^;,»°" j*» Note smooth aspect of transpros thesis flow, with the 

fencvt/the^r/^ shghtly flared (arrows). 2.5 ;n - 1.5 months, (b) Angiogram hows p- 
Sal ortex hl''^ ' I " '""^^ ^^^"'^ pfosthesis. No sign 

u^thou ra o .n! nl * P«'^ect nemntima was found 

wiinout trace 01 any paneial leuon. 




Figure S. Animal 14 Angiogrami show introduction of a carotid prostheti* (5 X 40 mm) 
via femoral access, (a Implantation; note presence ol guide wire (a^ow.V b) Stent deprov- 

(0 „.). no modification of the aner>- .s seen, and there is excellent distal rUno/f (arrows). 



ture of the lesions. The likelihood of 
restenosis occurring is dependent on 
both underlying disease and location 
(2-4). Thus, the frequency of resteno- 
sis is greater in the coronary arteries 
than in the iliac arteries, and inflam- 
mator>' (Takayasu) arteritis (5), vascu- 
lar anastomotic stenoses, and post- 
endarterectomy (6) stenoses tend to 
have a particularly high recurrence 
rate. The frequency of angioplasty 
failure in cases of dialysis arteriove- 
nous fistulas is very significant (7- 
12) due to extensive parietal fibrosis 
and intimai hyperplasia (13). To 
overcome these dilation failures, sev- 
eral groups have worked with endo- 
vascular prostheses with the objec- 
tive of maintaining the vascular 
lumen diameter. 



Inl969 Dotter(l) reported on the 
first in vivo endovascular prosthesis 
implants. Dotter et al. (14) and Cragg 
et al. (15) then reported on the use of 
nitinoJ memory metal as a means of 
spontaneously converting- an' extrud- 
ed metal filament into a spiral stent 
at 37°C. Various technical problems 
associated with the device and its 
performance in vivo have apparently 
stymied development of this other- 
wise potentially attractive approach. 
In both studies (14, 15), luminal nar- 
rowing caused by fibrin deposition 
was apparently a common problem. 

Maass et al. (16) and Wright et al. 
(17) worked with elastic, self-expand- 
ing prostheses of relatively large di- 
mensions. Both groups noted that 
their implanted prostheses were cov- 




o.'! Do^i^l^ carotid imputation (5 X 50 mm), (a) During right common 

«ro,i. :rr.p,antat]or.. angiogram shows an overdistention of the artery (arrows) (b c) An- 

lil^J^'ZZ^T'f K i"-'- '''''' ("'^^5)' ^"<i angiograms 

^/ f f 1 ^'^^^ P"»i^ distal opacification. Histologic examination re- 

v^aled par.ia. thrombosis, with multiple, small-bore channels. The stent is badly adapted to 
arter:a. d:ameter; this leads to the conicity of the trailing edges. 



ered by intimai proliferation and en- 
dothelialization of the metal surface, 
leading to good resistance to resteno- 
sis. No mural erosion was noted, col- 
lateral vessels were found to be pat- 
ent, and limited cell growth on metal 
filaments bridging vessel ostia was 
also seen. 

Recently Palmaz et al. (18, 19) have 
reported on the use of an expandable 
device designed on the basis of the 
expansion metal principle. Although 
the principle is quite attractive, the 
relative rigidity of the device sug- 
gests that selective catheterization 
and stenting tight bends or long 
curves might be difficult, 

Palmaz et al. (18) used soldered 
mesh prostheses (a relatively non- 
compliant structure) and reported on 
two of 11 canine implants that led to 
intimai hyperplasia; they observed 
38% and 30% stenosis in stents of 6- 
and 10-mm diameters, respectively, 
at 2 months follow-up. They raised 
the question as to whether excessive 
compliance mismatch at the point of 
transition between artery and stent 
could lead to turbulence and neointi- 
mal proliferation. 

The endoprosthesis used in our ex- 
periments is totally different from 
any of the prostheses mentioned 
above, in both configuration and its 
inherent properties. It is radially self- 
expanding and longitudinally flexi- 
ble in both the implanted and cathe- 
ter-mounted conformations. The 
instrument is specifically adapted to 
existing angioplasty accessory equip- 
ment such as coronar>' guiding cathe- 
ters and guide wires, and implanta- 
tion does not necessitate an interrup- 
tion in coronary flow. 

Our 47 implantations were made 
with delivery instruments and pros- 




!a.-n:.n3 (,.-/. arrow) is ,n,ac. Th» media ml = inLn,7d hu. wT^^^^^ 'laments, and the vessel lumen .s smooth and regular. The interna! elastic 
.he ,=l,n,en:s removed) 8) hI.o o," .ec.^on^^ "/ ' " '•"^•"'i'"'' * " holes of <he s.en. (after 

over paten, i.rr-.ba: branch aner.e ^^^.n ^.^aUrrowT^'^^^^^^^^ Stain; original magnification. X25) of an iliac stent lying 

v«se: ;.mcr .,r>. collateral branch (both . e paten.r '"""P"'*'^"" (arrowheads). • - m,:n 
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these? of progressively modifiec and 
improved characteristics. However, 
certain consistent findings specific'to 
the fundamental concept were 
found. First, the ease of access and 
implantation was surprisingly good, 
with successful implantations accom- 
plished in small arteries even via dif- 
ficult access (circumflex, renal, or ca- 
rotid arteries). Accidental triggering 
of the release mechanism during ac- 
cess manipulation was not possible, 
so we had no incidence of accidental 
discharge of the device. The fact that 
a partially deployed prosthesis can be 
retrieved is a useful feature. The de- 
sign of the prosthesis is such that the 
force exerted on the vessel wall is 
evenly distributed; thus^ there are no 
regions of localized high pressure or 
segments of unsupported vessel wall. 
The self-expandable nature of the de- 
3nd its high, inherent, geometric 
stability minimized the risk of pros- 
thesis migration. Radiologic studies 
confirmed that there was no migra- 
tier or movement of the stent, al- 
though we did detect some verv mi- 
nor prosthesis dilatation and 
shortening. 

Since about SO^c of the surface area 
of the prosthesis is essentially space 
between metal filaments, new intima 
developed quickly in a manner anal- 
ogous to that seen bv Maass et al. 
(16). Palmaz et ai. (IS), and Wright et 
al. (IT). Maass et al. found that com- 
plete coverir.g of the prosthesis oc- 
curred 2! ?-4 weeks, with total stabi- 
iizatior. of the intimal thickening 
and healing process at 3-4 months, 
cor.f:rmed at follow-up at 2 vears or 
more. The thickness of the intima in 
the latter case was 250-450 The 
growth process we saw resulted in an 
mtima 150 u thick at 3 weeks (thus 
totally encapsulating the 80-M-thick 
metal filaments rapidly), and at 9 
months the intima was stable at a 
thickness of 50-400 p. It appears, 
therefore, that intimal covering oc- 
curs more rapidly for metal filaments 
of smaller diameter, at least for flexi- 
ble self-expanding prostheses. 

Finally, we found that the arterial 
wall had excellent tolerance for the 
stent alloy, with a consistent absence 
of inflammator)' reaction. 

Although our experimental study 
was preliminan* because it was con- 
ducted in healthy animai arteries, it 
spanned a number of important steps 



»n the technical development of the 
implant material. The implantation 
of this stent in diseased vessels of ex- 
perimental animals is under funher 
study. 

This experimental study showed us 
the feasibility of the technique and 
the perfect vascular tolerance of the 
prosthesis. The principal potential 
clinical application appears to be in 
treating postangioplasty restenoses, 
particularly in coronary arteries 
where the recurrence rate is known 
to be high (30% or more depending 
on lesion location). Another applica- 
tion would be in treating arterial le- 
sions that are traditionally excluded 
from angioplasty, such as carotid or 
vertebral artery stenoses for which 
the risk of embolization is believed 
to be significant. In principle, the 
stent could be used as a protective 
barrier to immobilize fragments of 
the atheromatous plaque. 

Charnsangavej et al. (20) have pro- 
posed endovascular stenting of aortic 
dissections. We foresee that venous 
applications, such as the treatment of 
extrinsic tumoral or fibrotic compres- 
sion of the vena cava causing superi- 
or vena cava syndrome, mav be possi- 
ble. Similarly, the long and'irregular 
stenoses caused by dialysis arteriove- 
nous fistulas that currently have a 
poor prognosis with angioplasty 
therapy may be worthy of attention. 
Palmaz et al. (21) have performed 
preliminar)' work on the stenting of 
portacaval shunts in which the stent 
lies against the liver parenchyma 
rather than the tissue of a vein or ar- 
ter>'. ■ 
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FIELD OF THE INVENTION c JSi'll^^'SSS 

for,«i device of b«c.UycVdr^ 5rS?,S '0 S!fp^21\^r^' ««' '» 

such u docnbcd ia U.S. Pit No 4 mSl ^Tvf '^fomftuch proevlufc. 

pu. No. -.,40-^. -n^ SiS 

|xed by the tMity of mi ianvunUi mtutoh^ Jl ««» » prtvm to pt«vnt ocetu. 

ouiJy, trtuporud truiluaia«By tad pou^a^tt^ ««nh« exLiw^ 

<!«red locdoo. Ia «lditioa tto iav^SrSi » I « l*^ «• «ia«ifc «P«n««. 



-. Waai » ia. * rw. Ptfninrweui eadovueum 

plMted II \hi uac oac tapoplMty preeadun a tS,, 

BACKGROUND OF THE WVENTION All of «ht ibovt daerih. 

coab«.noawnh.e«hMrwhiehiihMic.lly,«». « for ippBc^w ia^ij^^ 

prcMwa vnag rcuiaad batwaa « puiiaUy t«fl.~^ " «^ avtaooa. <»cnooo 
ballooa tod la «>«ini»^f ;tmm^u,^ y bainid tte taL 

tooaooU»e.u«tr«h»itT*t««tBiitDina««*i. ^UMMAIY OP THE INVENHON 

isr^rr;^ t^.^j^^j^ „ Ji^^«f«to«v«to,ov«ooi.r««ii., 



umwm 1 aa m«nort « q«ti npls tad ttt B«pi». rnmml to very f 



ot« »d fo«mo«7»tate^ ssr.tr?E^ sssiirs^-iiiSLf '"^*'» •* 

J.i6l.95« d^ST^Sod ••••avaiy <Ml)r dafonubl* nml utcd for 



i^p'lSr^iiriSUuhli' Jl2.rli^5^j5? it- oortraihoa of tbo ftaat t ibowB ia HO. t .» 



tud«iaelodi>iTto5«ttSrS«^r!!!I^^ " • toa«i« « Uxa rtytn.d tad 

,ix -Tl^^iS^°!!r^ 7^ ■ i« "W-" «««« J with the «Dt aumber 



^««^2««»d1n2SJLl ** «^«f«^'w«*c«adoa.auad»iJoffjv«,di«S. 

vucuUr pauacy iadcfiaai^v ^•"."""t ' *^ niaawten. At iba pemi 

D«pe«S7MthnMSd.thad«vk««««^.,« J'™"" «*d« of loop 4 with a p«Mw, 

tppUcauoM. iuch m: rtpair of umvSu^^Z^^ ^ T.^^ ^:^^' T 

nor vesMi tubca. «.«. brooebial wbaTr^S rf^ ■.^J'^^ n^nmi Md haviRf tM 

» n>D«uainwca.m«atioaef«». «o«a»«baroftw»*o«adiflih.oppo»itad.»Kttan» 



PPPA001095 



3 4.969.438 

a Jlow .'or r«dal exF«uioo of stent 1 when coavollcd FTC i .... * 

Thii condition a wefl UJ««« nO. $. Th* rtditi it« Tuljfh!!,"^-* * *^'^''« ^»"««> 

~ned by .S, da««„ «, which tte bUoo. i, «W p«iw^SSl S.'^' »pJ«uooo cf . 
3y can?.n»oa. . typai eoU spnn$. ia whkb lii of tbc tO RO 

coo, «t wound u> the uo* dinctiS. e«M, th2r«2 LT^^.'" * ''»^« "« 

lure ,ppl«e to til. uuidt of BKh wT^wSL dM » •'^ <*• ««lIooa 

'rn!^^^^l-^'^'T the coiJ. «d w DESCWmON OF THE PREFERJlPn 

•pnni »rouad »ay objea BcmM espoatttiilh wilh P«. . 

auaber of nma. Such pnaapl. • typcUy uMtf ea • ttelL^SSTrSLilf" *ff" Md«m»adia, of 

xcre«. lu^y with ..eh p,«p of » ^^SSt^tST^ for «ipapl«y; how^„. j. 

ner FTG. 3 .how, , typicU Mo» 7 fuch m oom^y ^^^^i^^JIZ *^ •*» '*«»i««on» i« 

•j>«d for tapepiuty diipowd withia nai L tlM ballooa dS™.XJ!T^"* wadgd or iapiicd wiUout 

of .tent 1 ut liibdy enmp«> .0 th»t they tU hil- a th«l Wt^^'f^^ 

!ooa to provide eno.fh fricdoa to pr.v«St 1 from MSToJrtoSJS^SSrSS^ th. ««. wh«j, u b^. 
.Ldiai lad ibppiai off hdkM 7 duhac tnapeeo. hIb*^iuSn72^!^ Sunt : is budiy , 



-JOB tad deploynai. " i bw laapa of ewlad wti» wyud m » n^tl »«« Ti tf 

Aa.Ji«.tt««hodiop«d»e.th».t«ii,towi«d ST^Li^iTi^tLE!!?.!!^*-^**"** 

!be wvt directly ove tbt ballooa ■ ea« di* m romT., n^Tr. auafuJ neh u 



caethod. th. titbtaoi of th. ,um o»« th, bSaS^ Si iJi^^lHTJf «*• « 
Sener coatRillad ud th. »a.bly i. contwfcdbrtW - fS^' "^S!?*'* '"''^ » Tefloa. T.ta- 

Pl.«d from on. «o.hi wSTSip^f ^ Ioir.r£:.llii5r^ J*" «»««lly 

of the it«t 10 « oot to h. 10 liao k enter to .void a 7^-7ArK~5l5'*'T'*^*'"'*»«^'»' 

Atta.ufli,n«.tf^ao«.4li,B««,ofloo«.doSB Z^:S^fTr ^ ^^^^^ PW'^ M «vw wp. 
■or* «jfon. fl.«„ orth.:Sd««,3y,SrS « SiiSi^^ • (no. J) Md b. rtU ,0 roS 

follow th. <uiw«I bmti wkhia th. iJ^^vw^a^tZ unnT^ . . 

provide evn ud free fluiat wit* aarwal body cmv*. • titiitttr 9 

oesu. -n™«ooy»o¥». »^/"^ • « advMoad lowvd pmmI oeduiioa 

AO oOj«R of thii iavaiio. ii th. pn>v»o. of . eoiM tf fciid^'lllSS!? » -"l "Wt 1 .re 

feteBuoaoftheexpaadaditaa. withaihavIZL^ ••»^*«» Ok« 

Still .«oth« obj« or nmZwic, * *.^Siei.y SS^^Sl^-*^'^ ' » 

overth.b.Uoc.i.eip3«SriiS!2t«^ i'^? " » ««ltti«iialy « 

.etioB of uifuikM StSrEtooTwSirSI fc« ftJr * '^r *^ ««* «•««»• t*. pb^Tu 

«oad f««n« ii to deploy Sj^SST^jSoSt J£S^? JSL"::i?r^"^ "~ » 

lun«top«v«M«do««.,«tti«.irfU,^™«k. Dki^li! l!!Z^^2^'I'!!?!lf''^•^«*"- 
froe flow of blood iadcftuitiy. BoU trfthoL '^TS * > 

«.rtJoa of the eathncr. r^^Z? !f •"PPWt m W.JI u . nooth 



luaa void of pratniaiew • very dwcabb eondiiioN. 
BRIE^ DESCWmON OF THE ORAWWOS f?*.*"^ owdao^ to (urbtJant Oow of 



FI0.1«,Ud.d.v«io«of.p,.f,«dembodi««, ^JS^^SIJS^^^^J^ ■ 

no. : i, . «2rrta,«io« .howST- ov«ii view of \.^^T^^^S^^^*^'■ ^ *" 

.^««.p«..h«.„r.«ov.,i^,.b.u«.p^ro' ^'sf^ins'^^-ui.-i::^^ 



lurw CCW. Md 10 OB. -niU w« weuad form wti iheo 
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rraovod fron tbe ouadrei $od over a 3 5 mn 9 ^ 

Ule nnnr. 2j;«.««-«v<l th« liquid ,«h JX a. a LTJiSLS J*cS , wh«« 

*u uMd for safaMqwit -jaa tU with Ksepabie rcnJ& >^ 

Vtr.oM iiza of wire ta4 diffrat aateriab wm Mcd *• ^ " b eiiim I whcrta iht hm. i. 

to de(cnm» epaoi coBbaiacw. To unuUu eii«. "^"^J; ««P"l»We to «ppro«i«Mt»y Unc luw ia 

c«ieoodjooa.iadtoob«rv«ibeBod«oftxpi«iciof «^*M'*«««r. f nma »o 

0.001 di*.Mpp«w«it.iadpUeidov«riJ.5ambd. f!!^, "f*** coil. uicJuda « ia„ 

through d««.,««^,,^'^7'^ " ■^'/:i«*v2?*»* 



.«v«, through th.«.l««w,U of tlUMbfagwha. T aW«-1SS^ . ... 

e« b, «^ to a«. . typ«l bdloo- » a^^1!JS! » of: ' eo-pnun, th. 

J fitiaj with . MR CM h, r«l ttarw,* . pwvtoqj, • «« •Wid win hiv«i , hoUow evli« 

«.d flm M.t for aultipk ut-iuti «d h.v*if tb. rtilir/ towiii, iu ihai^Ttx 

ClaieiJ tea ea tunaii « pracstlr hdaf eott- P*"^ 



auetat tod iaitul rwilti tn very meommnm ud " prevWi., . bOooB witha ih. tiat. the tuiloon 

presiaag. bea« ti tew putiiily ddUMd. 

Whik thii iavniiea dvoibod ud iltamttd tew "TS* ^ Mloea iato • body vcml 

tohetmdemoodttett»,6oy.iiew5«3»h«of 30 J^!!?^."^ *^ a«l«o«. 



iiloKrwv. Md Mi-r«(rirt%« chMcw, mm ^""^ " " * ««'^ «^ ««« 

proeadira tad laehaiquai « be «P fH ied m ■vmi TT TT "f™" * ^ «*>« 

buic KDpc md ipim or tla iavwiaa. ^ Tl^ !^!Ti_ ■ ™ ^vai the 



LAr«ii,ay.,p«iarte«attfariavUat«io.withia of iejoSSTV JI^STiJ' tf 
.Bodyv«d.6oaipri«g ^ ™ '»««ii*i*iSL?^li^«fiS22^^^ 

'^"•CLT*^ rj.*""'* '^'^ •«i^TSJr1oS^y*'off« 
;hc wndtac Jnclediag • ma of poop, of beSol (W. «™uy onm 

MiIi 4JoB|th.l.a»thofthewtadia»forpfcvidiaf * ^ ''^^ «PMdebU mbm fcr iapUaiMoo withia 
radiiJ Ricngth, • body vcmI eoaoraac 



th* eodi of each «nM» baiM *««d ■ a dinete • ""^^M • Wlow eyiiadrical ihap.. rbe 

oppoDi. to (he danctiea of wiadiag of tha am iaeladia« aaidpla hetieai eoU> tlong the 

tdiMancmyofeeita. ^, '«^«'«^ body. eaehcoUiacJuding»il«Mt one 

mrrr-aali rii i ■ ■ * - - : :_• l . . COBBMM fSn. 



» revemly-nvnad loop joByif wcmw cowptatt csn^ 

poupi of eoili for ailowvf nooU nnirlnn of "f^ ^ '"'^^ « • direcrioo 

theidj»centpottpiofcBUi»tad 2^"^*^ ®' '■'^^^ 
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documents submitted by the appHcant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 



,jl^MAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 



^^EFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 
□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 
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